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SUMMARY 

In  the  present  work  it  was  shown  that  cholinergic  nerves  to  the 
bronchial  smooth  muscle  were  modulated  by  several  independent  mecha¬ 
nisms*  The  release  of  acetylcholine  (Ach)  was  regulated  by  presynap- 
tic  muscarinic  receptors  and  by  adenosine.  The  presynaptic  regulation 
of  release  was  shown  to  operate  in  addition  to  the  postsynaptic  stimu¬ 
lation  of  the  bronchial  smooth  muscle.  The  function  of  the  choli¬ 
nergic  nervous  system  in  bronchi  and  lung  is  depending  on  the 
activities  of  acetylcholinesterase  and  cholinesterases,  which  exhi¬ 
bited  rather  high  activities  in  the  tissues.  Serotonin,  which  is 
stored  in  and  released  from  pleural  mast  cells,  potentiated  the 
release  of  Ach  and  thereby  the  contraction  of  the  bronchial  smooth 
muscle.  In  addition  to  the  presynaptic  effect  there  was  also  a  post¬ 
synaptic  stimulatory  response  to  serotonin.  Special  attention  was  paid 
to  the  peptide  neurotensin,  which  potentiated  both  the  relase  of  Ach 
and  stimulated  the  muscle  to  contract  by  postsynaptic  receptors. 
Further,  NT  specifically  induced  release  of  serotonin  and  histamine 
from  rat  pleural  mast  cells. 
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INTRODUCTION 


Historical  background 


The  intercellular  communication  in  the  nervous  system  involves  the 
release  of  chemical  neurotransraitters ,  suggested  first  by  Elliot 
(1904),  Langley  (1905)  and  by  Dale  (1906).  The  concept  of  chemical 
transmission  was  established  somewhat  later  by  Loewi  (1921),  disco¬ 
vering  that  the  vagus  nerve  released  a  substance,  "Vagusstof f " ,  later 
to  be  identified  as  acetylcholine  (Ach)  (Loewi  and  Navratil,  1926). 
Further  support  for  his  hypothesis  was  given  by  Dale  and  Dudley  (1929) 
who  found  Ach  to  be  a  naturally  occuring  substance  in  mamalian 
tissues.  The  observation  of  Dale  (1914)  that  the  actions  of  Ach  was 
mimicked  by  muscarine  and  nicotine,  was  the  first  indications  of  two 
different  types  of  Ach  receptors. 

Nachmansohn  (1940)  proposed  that  the  cholinergic  nervous  system 
required  cholinesterases  (ChE)  for  its  normal  function  and  that  choli¬ 
nesterases  was  located  in  parallel  to  Ach.  The  enzyme  later  identified 
as  acetylcholinesterase,  hydrolyse  the  ester-bond  in  acetylcholine 
with  higher  specificity  than  non-specific  cholinesterase  (also  called 
pseudo-cholinesterase)  (Augustinsson,  1948;  Whittaker,  1951).  Somewhat 
later  Gray  and  Whittaker  (1962)  were  able  to  Isolate  and  identify 
nerve  terminals  as  small  discrete  particles,  later  named  synaptosomes , 
after  homogenization  of  brain  tissue  under  carefully  controlled  con¬ 
ditions.  When  synaptsomes  were  submitted  to  hyposmotic  conditions, 
they  lysed  and  from  the  lysate  it  was  possible  to  isolate  a  large 
number  of  synaptic  vesicles  which  was  shown  to  contain  Ach  (Whittaker 
_e£  a_l . ,  1963;  Whittaker  and  Sheridan,  1965).  The  discovery  of  the 
synaptosomes  has  played  a  major  role  in  many  of  the  subsequent  studies 
on  Ach  release.  Whether  Ach  is  released  from  the  synaptic  vesicles 
(Whittaker  _e£  £l. ,  1963)  or  from  the  synaptosomal  cytoplasm  (cf. 

Israel  al. ,  1979)  is  still  a  matter  of  much  controversy.  On  the 
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other  hand  the  synaptsomes  were  found  to  contain  the  synthesizing 
capacity  for  Ach  (Fonnum,  1967),  and  the  enzyme  choline  acetyltrans- 
ferase  was  shown  to  be  localized  to  the  synaptosomal  cytoplasm  of  the 
nerve  terminals. 

Macintosh  and  Oborin  (1953)  were  the  first  to  demonstrate  an  increase 
in  the  output  of  Ach  from  cat  cerebral  cortex  in  vivo  by  injection  of 
atropine.  This  was  the  first  indication  for  an  autoregulation  via 
muscarinic  receptors  of  Ach  release,  although  other  explanations  were 
also  plausible.  Later,  presynaptic  muscarinic  receptors  have  been 
detected  and  studied  in  great  detail  in  several  cholinergic  synapses 
which  also  contain  postsynaptic  muscarinic  receptors. 

The  inhibitory  presynaptic  autoreceptors  occur  on  cholinergic  ner¬ 
ves  in  myenteric  plexus,  parasympathetic  nerves  of  heart  and  iris 
(Sawynok  and  Jhamandas,  1977;  Kilbinger  and  Wagner,  1979;  Gustafsson 
et  al. ,  1980;  Alberts  jjt  al^. ,  1982)  as  well  as  on  central  cholinergic 
neurons  in  cortex,  hippocampus  and  striatum  (Polak,  1971;  Szerb,  1979; 
Molenaar  and  Polak,  1980).  Several  of  the  studies,  comprising  a 
number  of  observations,  show  an  increase  in  the  release  of  Ach  when 
the  muscarinic  antagonists  atropine  or  scopolamine  are  present,  while 
on  the  other  hand  a  decrease  in  transmitter  release  is  apparent  after 
addition  of  the  muscarinic  agonist  oxotremorine . 

Presynaptic  Ach  receptors  were  first  reported  to  occur  on  nor¬ 
adrenergic  terminals.  Stimulation  by  Ach  and  other  muscarinic  ago¬ 
nists  decreased  the  evoked  release  of  noradrenaline  from  noradrenergic 
terminals  (cf.  Lijffelholz  and  Muscholl,  1970;  StjMrne,  1975; 
h'uscholl,  1979). 

In  order  to  quantitate  the  actual  output  of  endogenous  Ach  from 
cholinergically  innervated  tissues  it  is  necessary  to  inhibit  the 
cholinesterase  activites  of  the  tissue.  Cholinesterase  inhibitors, 
however,  cause  an  accumulation  of  Ach  in  the  synaptic  cleft,  which  in 
turn  decreases  the  stimulus  evoked  release  of  Ach  (Szerb,  1979).  It 
was  therefore  a  step  forward,  when  Szerb  suggested  that  Ach  release 
could  be  studied  in  the  absence  of  a  cholinesterase  inhibitor  from  the 
radioactive  release  after  preincubation  cholinergically  innervated 
tissue  in  [  H]-cholIne  (Szerb,  1976). 
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In  general  acetylcholinesterase  is  specific  for  neural  tissue, 
while  non-neural  tissue  usually  contain  non-specific  cholinesterases. 
However,  this  is  a  generalization,  some  neural  tissues  contain  both 
esterases  as  do  some  extraneural  organs,  e.g.  lung  and  liver. 
Carboxylesterases  (synonymous  to  aliesterases)  are  on  the  other  hand 
present  in  neural  and  non-neural  tissues,  but  are  not  involved  in  the 
hydrolyzis  of  Ach.  However,  they  have  in  general  a  broad  specificity 
towards  carboxylesters  and  they,  as  well  as  cholinesterases,  are  inhi¬ 
bited  by  organophosphorus  compounds  (cf.  Heyman,  1980).  The  carboxyl¬ 
esterases  have  shown  to  be  involved  in  several  detoxification  pathways 
and  they  are  specially  important  in  the  inactivation  of  the  organo¬ 
phosphorus  anticholinesterases.  This  mechanism  is  presumably  a  part  of 
the  detoxification  process  in  lung. 

Following  the  discovery  of  non-adrenergic,  non-cholinergic  inhibi¬ 
tory  nerves  (cf.  Burnstock,  1972;  Fredholm  and  Hedqvist,  1980)  it  has 
been  proposed  that  the  neurotransmitter  of  these  nerves,  also  present 
in  lung,  may  be  ATP  or  a  closely  related  purine.  The  nature  of  the 
neurotransmitter(s)  have  been  a  matter  of  much  controversy.  However, 
adenosine  and  the  adenine  nucleotides  have  shown  to  stimulate  post- 
synaptically  but  recently  they  have  also  shown  to  be  active  presynap- 
tically  (Sawynok  and  Jhamandas,  1976;  Vizi  and  Knoll,  1976)  to 
decrease  the  spontaneous  release  of  Ach  from  Auerbach's  plexus  of 
guinea-pig  ileal  longitudinal  muscle  in  a  dose-dependent  manner.  The 
origin  of  ATP  and  the  related  purines  has  been  a  subject  of 
discussion,  but  adenosine  is  probably  derived  from  ATP,  which  is 
costored  and  released  with  Ach  into  the  synaptic  cleft,  in  several 
peripheral  nerve  terminals  (Siiinsky,  1975).  On  the  other  hand  ATP  has 
also  been  looked  upon  as  a  transsynaptlc  modulator,  originating  from 
the  postsynaptic  cell  (Israel  at  al.,  1980).  Burnstock  (1979)  proposed 
that  adenosine  may  have  its  function  in  parallel  to  Ach,  acting  as  a 
neuromodulator  on  a  presynaptic  level.  _In  vitro  studies  have  con¬ 
firmed  previous  hypothesis  and  purines,  especially  adenosine,  reduce 
the  contraction  Induced  by  cholinergic  nerve  stimulation  in  the 


guinea-pig  Ileum  (Gustafsson  ^t  a_l.  ,  1978).  The  Inhibition  Is  most 
likely  presynaptlc,  since  it  was  accompanied  by  diminished  release  of 
Ach  (Hayashi  _et_  a_l .  ,  1978;  Silinsky,  1984). 

The  adenosine  antagonist,  theophylline,  enhance  the  release  of  Ach 
induced  by  stimulation  (Cook  et  a_l .  ,  1978)  from  Auerbach's  plexus  and 
from  brain  cortical  slices,  indicating  that  endogenous  adenosine  might 
modify  the  release  of  Ach.  Although  theophylline  antagonizes  several 
of  the  responses  to  adenosine,  it  is  yet  to  be  clarified  whether 
theophylline  is  a  specific  antagonist  for  the  adenosine  receptor 
(Mcllwain,  1972),  or  merely  an  inhibitor  of  phosphodiesterase  activity 
(Fredholm,  1980). 

Other  neurotransmitter  candidates  for  non-cholinergic ,  non- 
adrenergic  neurotransmission  are  the  increasing  number  of  biologically 
active  peptides,  present  in  lung  (Said  at  al.,  1980).  These  include 
vasoactive  intestinal  polypeptide  (VIP),  substance  P,  bradykinin,  chole- 
cystokinin,  somatostatin  and  others.  Carraway  and  Leeman  (1976)  have 
also  by  radioimmunoassay  characterized  the  tridecapetide  neurotensin 
(NT)  (Glu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Lau-COOH)  in  the 
rat,  and  only  10%  of  the  peptide  was  located  to  the  brain,  while  90% 
was  found  in  extracts  of  the  body.  NT  was  mainly  located  to  neuro¬ 
endocrine  cells  in  the  small  intestine,  but  NT  immunoreactivity  was  also 
present  in  the  lung.  Whether  NT  is  present  in  neuroendocrine  cells  or 
in  nerve  cells,  as  is  shown  in  the  subcortical  limbic  forebrain 
including  the  nucleus  accumbens  (Jennes  jit  al..  ,  1982)  or  reach  the 
lung  via  plasma  as  a  hormone,  has  to  be  elaborated.  Specific  binding 
sites  for  NT  in  lung  tissue  are  found  on  the  pleural  mast  cells  and  a 
NT  induced  release  mechanism  of  biogenic  amines  from  mast  cells  has 
been  suggested  (Lazarus  jit  a_l. ,  1977;  Selbekk  _et  a_l. ,  1980;  Ouirion 
et  al.,  1980b;  Sydbom,  1982;  Paper  II). 

It  has  long  been  known  that  histamine  induce  severe  bronchocontric- 
tion  in  man  (Benson,  1978)  and  guinea-pig  (Bhattacharya,  1955),  while 
serotonin  (5-hydroxytryptamine)  has  a  smaller  effect  on  the  bronchi  in 
these  mammals.  In  other  mammals  the  situation  is  different;  Offerraeier 
and  Ari'dns  (1966)  suggested  that  serotonin  either  induce  broncho- 
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constriction  through  a  reflex  mechanisms  or  through  a  direct  stimula¬ 
tion  of  the  bronchial  smooth  muscle  isolated  from  calf.  Similar 
results  were  found  for  the  dog  (Hahn  et  al. ,  1978).  Furthermore,  sero¬ 
tonin  may  induce  contractions  in  other  smooth  muscle  preparations  as 
in  viceral  smooth  muscle  such  as  ileum,  by  release  of  Ach  through  a 
tetrodotoxin  sensitive  mechanism  (Adlm-Vizi  and  Vizi,  1978). 

Therefore,  serotonin  may  serve  as  a  modulator  of  cholinergic 
neurotransmission  in  several  tissues  of  different  mammals. 


Aim  of  the  present  study 


The  present  investigation  was  carried  out  with  the  aim  to  charac¬ 
terize  the  cholinergic  mechanisms  in  the  bronchial  smooth  muscle  and 
particularly  to  study  the  modulation  of  Ach-release  by  other 
neurotransmitters  and  hormones.  Previous  investigations  of  the  inner¬ 
vation  of  airway  smooth  muscle  have  mainly  been  performed  on  prepara¬ 
tions  in  tracheal  and  bronchial  tissues  from  the  dog  and  the 
guinea-pig  while  virtually  no  information  was  available  for  the  rat. 

In  addition  I  was  interested  in  providing  a  basis  for  further  stu¬ 
dies  of  cholinergic  function  of  the  rat  airway  smooth  muscle  during 
inhalation  studies.  In  this  respect,  the  inhalation  of  the  orga- 
nophosphorus  anticholinesterases  and  their  inhibition  of  the  choli¬ 
nesterase  activities  and  how  the  organophosphorus  compounds  are 
detoxified  by  carboxcylesterases  were  investigated.  This  is  of  impor¬ 
tance  since  acetylcholine  has  shown  to  be  the  most  potent  constrictor 
of  the  rat  airway  smooth  muscle  (Paper  I). 
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RESULTS  ANT)  DISCUSSION 

The  results  presented  In  this  study  have  revealed  several  mechanisms 
which  may  modulate  the  cholinergic  induced  bronchoconstrict ion  in  the 
rat  (Figure  1,  page  23).  These  modulators  are  chemically  different 
and  are  either  released  from  nerve  terminals  within  the  bronchi  (Ach  and 
adenosine),  from  pleural  mast  cells  (serotonin),  or  blood-borne  as 
hormones  (neurotensin). 

Acetylcholine 

It  is  previously  shown  that  the  parasymphathetic  nerve  of  the  auto¬ 
nomic  nervous  system  is  the  primary  motor  control  nerve  to  the  smooth 
muscle  in  the  airways  in  mammals  (Widdicombe,  1963)  and  this  is  also 
the  case  for  the  rat.  The  muscarinic  acetylcholine  (Ach)  receptor 
appeared  to  be  the  only  cholinergic  receptor  located  postsynaptically 
in  the  rat  bronchi  (Paper  I).  Contraction  of  the  circular  preparation 
by  exogenous  Ach  or  the  cholinergic  agonist  carbachol  Induced  a  con¬ 
centration  dependent  and  atropine-sensitive  increase  in  the  tension 
(Paper  I).  The  contraction  induced  by  electrical  stimulation  was  sen¬ 
sitive  to  tetrodotoxin,  but  was  also,  as  the  response  to  the  choli¬ 
nergic  agonists  inhibited  hy  atropine.  This  is  a  strong  evidence  for 
an  electrically  induced  release  of  Ach  from  cholinergic  nerves  in  the 
bronchi.  The  intrinsic  activity  (a)  for  Ach  and  carbachol  was  similar, 
but  the  potency  (affinity)  of  carbachol  (pD2**6.1),  was  considerably 
higher  than  for  Ach  (pD2=*3.7).  This  difference  is  most  probably  due  to 
hydrolysis  of  Ach  by  the  relatively  high  cholinesterase  activities 
measured  in  the  bronchial  tissue  (Paper  VI,  Table  2).  Although  the 
potency  of  carbachol  was  high  in  the  bronchi  and  similar  to  what  was 
found  by  Vornanen  and  Tirri  (1981),  it  was  higher  than  the  potency  for 
the  cholinergic  agonists  in  the  trachea  and  bronchioles. 

The  relatively  high  activities  of  the  cholinesterases  (acetylcholine- 
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esterase  and  unspesiflc  cholinesterases)  (Paper  VI)  also  support  our 
conclusion  of  the  cholinergic  nervous  system  being  of  main  importance 
in  the  motor  control  of  the  rat  bronchial  smooth  muscle. 

Although  Ach  induced  contractions  in  the  bronchi,  Ach  also  appeared 
to  stimulate  muscarinic  receptors  presynaptically ,  thereby  autoregu¬ 
lating  the  release  of  Ach  from  the  cholinergic  terminals  (Paper  IV, 
Figure  4).  This  autoinhibition  of  the  Ach  release  in  the  rat  bronchi 
was  demonstrated  by  techniques  similar  to  those  used  for  other  pre¬ 
parations  (cf.  Stjarne,  1975;  Szerb,  1976,1979;  Vizi,  1979;  Gustafsson 
at  al.,  1980;  Molenaar  and  Polak,  1980;  Alberts  al_. ,  1982; 
Kilbinger,  1982).  In  order  to  avoid  the  unphysiologically  high  con¬ 
centrations  of  extracellular  Ach  resulting  from  the  presence  of  a  cho¬ 
linesterase  inhibitor,  the  release  of  Ach  was  best  determined  as 
[  H]-choline  released  from  tissue  preincubated  in  [H]-choline  in  the 
absence  of  a  cholinesterase  inhibition  according  to  Szerb  (1976,1979). 

The  muscarinic  antagonist,  scopolamine,  potentiated  the  calcium 
dependent  potassium  evoked  release  of  [3H]-Ach  by  nearly  60%,  whereas 
the  muscarinic  agonist,  oxotremorine ,  reduced  the  output  of  [  H]-Ach 
by  only  20%  (Paper  IV,  Figure  4).  This  is  a  strong  indication  for  the 
existence  of  presynaptic  muscarinic  receptors,  which  modulate  the 
release  of  Ach.  The  oxotremorine  reduced  release  of  [  H]-Ach  upon 
stimulation  was  not  mediated  by  a  diminished  synthesis,  but  was  presu¬ 
mably  induced  by  stimulation  of  presynaptic  muscarinic  receptors. 

[ 3H] -Ach  was  synthesized  in  the  cholinergic  terminals  during  the 
preincubation,  and  not  during  the  superfusion  in  the  presence  of 
hemicholinium-3 .  On  the  other  hand,  an  increase  in  potassium  stimu¬ 
lated  release  of  [3H]-Ach  by  scopolamine  was  expected  if  there  was  a 
functional  muscarinic  receptor  present.  However,  it  is  impossible  to 
decide  from  these  experiments  whether  the  muscarinic  receptors  were 
located  on  the  axons  or  on  the  cholinergic  terminals. 

It  has  previously  been  shown  (Alberts  e£  a_l . ,  1982)  that  the 
potassium  evoked,  calcium-sensitive  increase  in  [ 3h]  efflux  mainly 
consisted  of  [3H]-Ach  when  [3H]-choline  was  used  as  a  precursor  for 
the  synthesis  of  [3H]-Ach  in  the  guinea-pig  myenteric  plexus. 
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Hemicholinium-3  was  present  in  the  superfusing  medium  to  block  the 
reuptake  of  [ 3H]-choline ,  i.e.  the  hydrolysis  product  of  [3H]-Ach  if 
no  esterase  inhibitor  was  present.  Under  these  conditions,  the  frac- 
tional  increase  in  efflux  of  [  H] ,  i.e.  (evoked  increase  in  [  h] 
efflux/total  [3h]  in  the  tissue)  was  used  to  estimate  the  evoked 
secretory  response.  When  the  esterase  inhibitor  soman  is  present,  the 
total  increase  in  Ach  efflux  is  a  direct  measure  of  the  potassium 
induced  transmitter  release.  However,  in  the  presence  of  soman,  one 
would  expect  a  presynaptic  autoregulation  reducing  the  output  of  Ach 
from  the  cholinergic  terminals. 

In  the  present  study  (Paper  IV),  the  release  of  [  H]-Ach  was 

2+ 

reduced  85%  when  changing  the  concentration  of  Ca  from  2  tnM  to  0.1 

2+ 

mM,  demonstrating  a  Ca  -dependent  release  mechanism.  Tetrodotoxin 
(TIX),  which  blocks  the  electrical  excitation  of  the  axons  but  not  the 
release  of  transmitter  substance  from  the  depolarized  nerve  terminal, 
did  not  significantly  lower  the  potassium  evoked  release  of  [3H]-Ach. 
The  release  of  [ 3H]-Ach  was  also  induced  by  veratridine,  which  acts 
through  activation  of  sodium  channels.  TTX,  by  blocking  the 
sodium  channels,  inhibited  the  veratridine  induced  release  without 
affecting  the  K+  depolarized  release  (Paper  IV,  Figure  3). 

These  findings  strengthen  our  assumption  that  the  stimulation  of 
Ach  occurs  from  a  physiological  releaseable  pool  of  transmitter,  also 
suggested  by  Szerb  (1976).  Therefore  the  modulation  of  Ach  release 
from  cholinergic  nerves  can  be  studied  by  measuring  the  fractional 
increase  in  [3h]  afflux  as  a  relevant  measure  of  [3H]-Ach  secretion, 
both  because  of  its  sensitivity  and  reproducibility,  and  because  it 
can  be  used  to  assess  the  Ach  release  also  in  the  absence  of  an 
esterase  inhibitor  (Szerb,  1979).  Therefore  the  present  results 
strongly  suggest  that  the  cholinergic  terminals  in  the  preparation 
were  intact  and  functionally  active,  by  fulfilling  several  of  the  most 
common  requirements  for  an  intact  cholinergic  system. 
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Choline-  and  carboxylesterases 


The  activities  of  acetylcholine-,  choline-  and  carboxylesterases 
were  shown  to  be  relatively  high  in  both  lung  and  bronchi  (Paper  VI, 
Table  2).  This  reflects  the  importance  of  the  cholinergic  nervous 
system  in  this  tissue,  and  lung  as  a  primary  target  organ  for  volatile 
anticholinesterase  vapours*  Previous  work  (Fonnum  et  al.,  1984)  have 
shown  that  even  very  small  concentrations  (nM)  of  the  organophosphorus 
anticholinesterase  compound,  soman,  increased  substantially  the 
response  to  cholinergic  stimulation  and  therefore  the  contraction  of 
the  bronchial  smooth  muscle. 

The  importance  of  the  carboxylesterases  for  inactivation  of  cholin¬ 
esterase  inhibitors  during  inhalation  experiments  with  organo¬ 
phosphorus  compounds  are  also  clearly  shown  by  the  70%  decrease  in 
lethal  dose  by  inhalation  of  soman  in  the  presence  of  tri-ortho- 
cresy 1-phosphate  (TOCP)  (Paper  VI,  Table  3).  TOCP  has  shown  to  be  a 
specific  inhibitor  of  the  carboxylesterase  activities  (Myers,  1959; 
Sterri  et  al. ,  1981).  During  inhalation  of  a  cholinesterase  inhibitor 
there  is  a  dose-dependent  decrease  in  the  total  cholinesterase  and 
carboxylesterase  activities  (Paper  VI,  Table  2).  At  high  con¬ 
centrations  of  soman  the  acetylcholine-  and  cholinesterase  activities 
ware  inhibited  and  the  carboxylesterase  activities  were  also  substan¬ 
tially  reduced  by  binding  of  the  organophosphorus  compound.  This  is 
in  accordance  with  the  general  effect  of  this  toxic  agent  (Heymann, 
1980),  and  carboxylesterases  as  important  enzymes  in  detoxif icat ion  of 
anticholinesterase . 

Adenosine 


Modulation  of  cholinergic  neurotransmission  by  exogenous  adenosine 
on  responses  to  potassium  induced  release  of  Ach  from  cholinergic  ner¬ 
ves  in  the  rat  bronchi  were  also  assessed. 

ATP  presumably  coreleased  with  Ach  (Silinsky,  1975)  may  act  as  a 
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neurotransmitter,  or  as  its  hydrolysis  product  adenosine,  also  operate 
as  a  modulator  of  the  cholinergic  transmission  at  a  presynaptic  level 
(Burnstock,  1979).  With  adenosine  present  in  the  superfusing  medium 
the  reduction  in  the  potassium  evoked  release  of  [3H]-Ach  was  nearly 
30%  (Paper  IV,  Table  1).  Although  theophylline  was  without  an  effect 
on  the  resting  release  of  Ach  in  the  bronchi,  theophylline  (1.0  mM) 
reduced  slightly  (10%)  the  response  to  adenosine  on  the  potassium 
induced  release  of  transmitter.  This  indicates  that  there  might  be  a 
control  of  Ach  release  by  adenosine.  This  antagonizing  effect  of 
theophylline  on  the  effect  to  adenosine  and  adenine  nucleotides  has 
also  been  shown  in  a  number  of  other  tissues  (Daly,  1977;  Gustafsson 
j!t  a_l. ,  1981).  These  findings  are  contradictory  to  earlier  results 
presented  by  Ginsborg  and  Hirst  (1972)  for  the  rat  phrenic  nerve 
showing  that  the  adenosine  effect  was  completely  antagonized  by 
theophylline  (1.8  mM).  Whether  the  effect  of  theophylline  is  that  of  a 
receptor  blocker  or  resulting  from  the  inhibition  of  the  phospho¬ 
diesterase  activity  is  uncertain.  Fredholm  et  al.  (1979)  demonstrated, 
however,  a  tracheorelaxant  effect  of  theophylline.  The  effect  was 
dose-dependently  inhibited  by  adenosine  and  increased  in  the  presence 
of  dipyridamol,  possibly  by  inactivating  the  uptake  and  thereby  the 
inactivation  of  adenosine  (Daly,  1977).  This  therefore  implies  an 
action  of  adenosine  on  the  cell  membrane  rather  than  inside  the  cell. 

Adenosine  induced  an  increase  in  the  contraction  in  the  circular 
preparation  of  the  rat  bronchi  in  vitro  (Paper  IV,  Table  2).  The  onset 
of  the  response  was  rapid  and  disappeard  almost  immediately  upon 
washing.  A  similar  effect  was  observed  by  adenosine  in  the  guinea-pig 
trachea  (Fredholm  et  al.,  1979),  where  the  concentration  of  adenosine 
giving  maximal  response  was  50  uM.  When  adenosine  was  added  repeatedly 
to  the  preparations,  a  tachyphylactic  effect  was  observed.  On  the 
other  hand  when  stimulating  the  bronchial  smooth  muscle  to  contract 
electrically  in  the  presence  of  adenosine,  there  was  a  large  increase 
in  the  response  compared  to  a  control  stimulation.  The  results  there¬ 
fore  suggests  two  opposing  effects  of  adenosine,  one  presynaptic  ade¬ 
nosine  receptor  mechanism,  which  reduce  the  output  of  Ach  during 
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nerve  activity  and  another  postsynaptic  potentiation  of  the  Ach- 
induced  contraction.  The  responses  operate  most  likely  in  parallel  to 
the  pre-  and  postsynaptic  effect  of  Ach.  The  dual  effect  of  adenosine 
is  analogous  to  that  described  for  the  gastric  smooth  muscle  hy 
Gustafsson  (1981).  The  postsynaptic  potentiation  may  be  due  to  a 
synergism  between  the  muscarinic  and  adenosine  receptors  on  the 
bronchial  smooth  muscle  cells  or  that  adenosine  enhances  the  depolari¬ 
zation  induced  by  Ach.  Since  adenosine  only  to  a  minor  degree  altered 
the  response  of  the  bronchial  smooth  muscle  to  stimulation  with  exoge¬ 
nously  added  Ach  (Paper  IV),  in  agreement  with  results  from  other  cho¬ 
linergic  synapses  (Vizi  and  Knoll,  1976),  the  results  therefore 
indicate  that  adenosine  interfers  with  nerve  stimulation  and  the  Ach 
released  from  the  cholinergic  nerves. 

Serotonin 


Contrary  to  previous  studies  on  isolated  airway  smooth  muscle  pre¬ 
parations  in  guinea-pig  and  dog  (Hahn  et  al. ,  1978)  serotonin,  but  not 
histamine  induced  contration  in  the  bronchial  smooth  muscle  of  the  rat 
(Paper  III).  It  is  known  from  earlier  work  that  under  conditions  in 
which  histamine  is  released,  the  rat  mast  cells  also  release  serotonin 
(Parrat  and  West,  1957;  Carlsson  and  RIzen,  1969).  The  intrinsic  acti¬ 
vity  of  serotonin  was  low  (20%)  compared  to  carbachol  (Paper  I,  Table 
1)  but  the  potency  (pD23l5.7)  was  somewhat  higher  than  for  Ach 
( pr>2”3 . 7 ) .  The  contractions  were  partly  atropine  sensitive  (Paper  III, 
Table  1)  and  potentiated  by  inhibiting  the  acetylcholinesterase  and 
cholinesterase  activities  with  physostigmine.  Physostigmine  induced  a 
two-fold  increase  in  the  intrinsic  activity  and  enhancement  of  the 
potency  of  serotonin  in  the  unstimulated  preparations.  The  poten¬ 
tiation  by  physostigmine  of  the  serotonin  response  was  blocked  by 
atropine.  In  addition,  there  was  a  potentiation  by  serotonin  of  the 
electrically  induced  contraction. 

The  results  strongly  indicate  that  a  serotonin  effect  was  present 
on  the  cholinergic  terminals  in  the  bronchial  smooth  muscle.  This 
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specific  serotonin  induced  release  of  Ach  was  further  shown  by  the 
potentiation  of  the  potassium  evoked  release  of  [  H]-Ach  (Paper  V, 
Table  1).  This  potentiation  was  blocked  by  the  serotonin  antagonist 
methysergide  and  the  methysergide  sensitive  serotonin  induced  _in  vitro 
contraction  of  the  smooth  muscle  was  on  the  other  hand  only  partially 
blocked  by  atropine.  The  results  therefore  indicate  the  existence  of 
specific  postsynaptic  serotonin  receptors  which  was  stimulated  in 
parallel  to  the  presynaptic  receptors.  A  similar  presynaptic  serotonin 
affect  was  previously  also  shown  on  cholinergic  nerves  in  the  isolated 
guinea-pig  ileum  (Brownlee  and  Johnson,  1965). 

Methysergide  did,  on  the  other  hand,  not  have  any  inhibitory  effect 
on  the  stimulation  induced  by  Ach  or  by  carbachol  (Paper  III,  Table  2) 
and  serotonin  did  not  induce  any  tachyphylaxis  in  the  tissue,  pro¬ 
viding  further  evidence  for  a  specific  serotonin  receptor  mechanism. 

Therefore,  the  present  findings  indicate  that  serotonin  is  the  only 
amine  of  the  rat  mast  cells  to  have  an  effect  on  the  tonus  of 
bronchial  smooth  muscle  and  that  the  effect  of  serotonin  appears  to  be 
mediated  via  pre-  and  postsynaptic  receptors. 

Peptides 


The  potentiation  of  the  Ach-release  and  stimulation  of  the  smooth 
muscle  by  specific  serotonin  receptors  is  probably  also  potentiated 
indirectly  via  neurotensin  (NT).  The  tridecapepeptide  NT  induced 
release  of  the  amines,  serotonin  and  histamine,  from  the  rat  pleural 
mast  cells  whereas  only  a  small  release-induced  effect  on  mast  cells 
isolated  from  the  peritoneum  was  found  (Paper  II).  The  release  seems 
to  be  specific  for  NT.  The  release  of  histamine  as  a  measure  of  the 
total  mast  cell  release  was  4  times  larger  from  pleural  mast  cells 
than  from  peritoneal  mast  cells  (Paper  II,  Table  1). 

A  difference  in  response  to  NT  on  degranulation  of  mast  cell  granu¬ 
les  was  found  by  studies  in  the  light-microscope  and  in  the  electron- 
microscope.  The  morphological  changes  of  the  electron  dense  granules 
appeared  to  be  smaller  than  the  histamine  response.  On  the  other  hand, 
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the  degranulation  of  the  mast  cells  was  larger  in  the  cell  population 
isolated  from  the  pleural  cavity  compared  to  the  degranulation  of 
cells  from  the  peritoneal  cavity.  The  results  also  indicate  a  dif¬ 
ference  between  the  mast  cells  in  the  two  populations  towards 
NT-sensitivity.  This  may  be  due  to  differences  in  the  NT-receptor 
coupling  in  the  two  subpopulations  of  mast  cells.  However,  similar 
potency  of  NT  on  the  isolated  pleural  mast  cells  as  in  the  rat  bronchi 
were  observed  (Papers  I, II),  but  somewhat  higher  than  for  the  perito¬ 
neal  mast  cell  population. 

NT  appeared  not  only  to  stimulate  the  pleural  mast  cells  to  release 
serotonin  and  histamine,  but  also  to  a  significant  extant,  potentiate 
the  release  of  Ach  from  the  cholinergic  nerves  in  the  bronchi.  This 
presynaptic  effect  occured  in  parallel  to  the  postsynaptic  effect  of 
neurotensin  (Papers  I,  V).  Although  bradykinin  (BK)  and  angiotensin 
II  (AN G  II)  as  wall  as  NT  stimulated  the  electrically  induced  release 
of  Ach,  NT  and  ANG  II  were  the  most  potent  of  these  peptides.  By 
itself  this  effect  is  not  sufficient  evidence  for  the  existence  of  a 
presynaptic  receptor  mechanism,  but  the  NT  induced  enhancement  of 
potassium  induced  [3H]-Ach  release  (Paper  V,  Table  1)  strengthen  our 
postulation  of  presynaptic  receptors  for  NT  in  this  tissue. 

A  presynaptic  effect  of  NT  on  cholinergic  terminals  has  also  been 
reported  in  guinea-pig  ileum.  NT  potensiated  the  electrically  induced 
contraction  and  the  effect  was  observed  in  parallel  to  a  contraction 
induced  via  postsynaptic  NT  receptors  (Regoli,  1982).  An  inhibitory 
effect  of  NT  on  the  release  of  noradrenaline  was  on  the  other  hand 
observed  in  rat  vas  deferens  (Magnan,  1979). 

The  potentiation  of  potassium  evoked  release  of  [  Hj-Ach  was 
not  inhibited  by  (D-Trp1 *)-NT.  This  peptide  has  previously  shown  to 
have  an  antagonistic  effect  on  the  response  to  NT  in  the  uM  range  in 
rat  portal  vein  and  heart  (Quirion  _et  a_l. ,  1980c;  Rioux  et  al. ,  1980), 
but  not  in  rat  stomach  smooth  muscle  or  in  atria  isolated  from  guinea- 
pig  hearts  (Rioux  er  a^l. ,  1980;  Ouirion  _et  a_l. ,  1980a).  Although 
(D-Trp1 l)-NT  was  without  an  effect  on  the  NT  potentiated  Ach  release, 
there  is  no  reason  to  exclude  a  specific  NT  receptor  on  the  choli¬ 
nergic  terminals. 
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Although  atropine  reduced  the  response  to  NT,  neither  atropine  nor 
methysergide  blocked  the  response  to  NT.  This  provides  further  indica¬ 
tions  of  an  independent  receptor  for  NT  in  the  bronchi.  The  reduction 
of  the  NT  induced  response  by  atropine  could  be  due  to  tachyphylaxis 
under  ^n  vitro  conditions,  but  it  may  also  be  a  result  of  a  partly 
atropine  sensitive  contraction  induced  by  NT. 

Despite  the  marked  tachyphylaxis  to  the  peptides  (NT,  BK,  ANG  II) 

the  effects  were  additative,  when  maximal  concentrations  of  NT  and  the 

1  8 

two  other  peptides  were  added  in  concert.  Moreover  Sar  -Ala  -ANG  II 
(saralasin),  inhibited  the  ANG  II  induced  contraction  without  blocking 
the  response  to  NT.  This  also  strongly  suggest  separate  receptor 
mechanisms  for  these  systemic  peptides. 

In  contrast,  substance  P  and  vasoactive  intestinal  polypeptide 
(VIP)  had  no  effect  in  the  bronchial  smooth  muscle  (Paper  I),  although 
their  presence  in  lung  have  been  shown  (Polak  and  Bloom,  1982).  But 
substance  P  may  on  the  other  hand  have  important  functional  implica¬ 
tions  in  view  of  the  postulate  that  substance  P  is  a  sensory 
neurotransmitter  (Otsuka  et  al«,  1975). 

The  peptides  had  low  intrinsic  activities  in  the  bronchial  smooth 
muscle  compared  to  carbachol  (NT,a“0.1),  but  the  intrinsic  activity  of 
NT  was  40%  of  the  activity  of  serotonin  (Paper  I,  Table  1),  The 
potency  for  NT  was,  on  the  other  hand,  higher  than  for  both  choli¬ 
nergic  agonists.  At  the  present  time  it  is  therefore  difficult  to 
understand  a  role  for  NT  in  bronchi  and  lung  under  normal  conditions. 
This  is  also  due  to  the  low  NT-immunoreactivity  that  has  so  far  been 
identified  in  the  lung.  But  one  cannot  exclude  that  NT  can  be  present 
in  the  vagus  nerve  among  a  number  of  other  peptides  already  shown  to 
be  located  in  this  nerve  (Lundberg  _et  a_l. ,  1980)  and  thereby  modulate 
the  release  of  Ach  and  other  neurotransmitters. 
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Figure  1  The  figure  summarizes  the  mechanisms  regulating  the  choli¬ 
nergic  transmission  in  the  bronchial  smooth  muscle  of  the 
rat.  The  cholinergic  terminal  has  inhibitory  receptors  for 
acetylcholine  (Ach)  and  adenosine  (AD)  (Paper  IV),  while 
exitatory  receptors  for  serotonin  (5-HT)  (Paper  III,  V)  and 
neurotensin  (NT)  (Paper  I,  V)  have  been  found.  NT  may  also 
stimulate  the  pleural  mast  cells  to  5-HT  release  (Paper 
II).  Exitatory  postsynaptic  receptors  for  NT  are  also  pre¬ 
sent  (Paper  I)  in  addition  to  postsynaptic  receptors 
for  Ach  (muscarinic  receptors),  5-HT  and  adenosine. 

! 
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CONCLUSIONS 


1  The  bronchial  smooth  muscle  of  the  rat  were  without  spontaneous 
activity  and  acetylcholine  (Ach)  was  the  primary  neurotransmitter 
inducing  constriction. 

2  There  was  a  high  acetylcholinesterase  and  unspecific  cholinesterase 
activity  in  the  bronchi  and  lung  and  therefore  a  rapid  hydrolysis 
of  Ach.  The  low  potency  of  Ach  is  probably  due  to  the  high  activi¬ 
ties  of  the  en2ymes. 

3  Carboxylesterases  in  lung  and  bronchi  play  an  important  role  in  the 
detoxification  of  organophosphorus  anticholinesterases  and  thereby 
modify  the  toxic  effects  of  Ach  during  organophosphate  intoxica¬ 
tion. 

4  There  is  evidence  for  a  presynaptic  muscarinic  autoreceptor  for 
Ach,  reducing  the  output  of  Ach  from  cholinergic  nerve  terminals. 

5  Exogenous  adenosine  reduced  the  release  of  Ach  by  a  presynaptic 
action,  but  enhanced  the  contraction  induced  by  Ach  postsynap- 
tically.  The  postsynaptic  potentiation  may  be  due  to  a  coupling 
between  the  adenosine  and  muscarine  receptors. 

6  Serotonin,  but  not  histamine,  induced  contraction  of  the  bronchial 
smooth  muscle  by  stimulating  postsynaptically  in  addition  to  poten¬ 
tiate  the  release  of  Ach  by  a  presynaptic  effect.  The  effects  of 
serotonin  were  raethysergide  sensitive. 

7  Neurotensin  (NT)  increased  the  electrical  and  potassium  evoked 
release  of  Ach.  The  results  indicate  therefore  a  presynaptic  modu¬ 
lation  of  Ach  release  by  NT.  JTjie  potassium  induced  release  of  Ach 
was  not  antagonized  by  (D-Trp  )-NT,  a  possible  NT-antagonist . 

8  NT  induced  contraction  in  the  bronchial  smooth  muscle  by  a 
postsynaptic  receptor  different  from  the  receptors  for  angio¬ 
tensin  II  and  bradykinin.  Substance  P  and  VIP  were  without 
effects  both  pre-  and  postsynaptically. 

9  There  Is  also  strong  evidence  for  specific  NT  receptors  on  mast 
cells  by  which  NT  induce  release  of  histamine  and  serotonin.  The 
response  to  NT  was  larger  for  pleural  mast  cells  than  for  mast 
cells  isolated  from  the  peritoneum. 
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Summary 

The  isolated,  circular  preparations  of  the  left  and  right  bronchi  of  the  rat  were 
examined  for  mechanical  responses  to  neurotensin  (NT)  and  other  vasoactive 
peptides.  NT  caused  concentration-dependent  increases  in  the  isometnc  tension  of 
the  unstimulated  preparations,  with  an  apparent  affinity  higher  than  for  the 
cholinergic  agonists  but  with  considerably  lower  intrinsic  activity.  Pronounced 
tachyphylaxis  to  NT  was  observed  NT  potentiated  the  atropine-sensitive  increase  in 
tension  resulting  from  electrical  field  stimulation.  Neither  atropine  nor  methysergide 
abolished  the  response  to  NT  in  the  unstimulated  preparations.  Bradvkinin  and  to  a 
lesser  extent  angiotensin  If  contracted  the  unstimulated  preparations  and  both 
systemic  peptides  enhanced  the  cholinergic  output  in  response  to  field  stimulation. 
Substance  P  and  VIP  on  the  other  hand  were  without  effects  in  the  stimulated  and 
unstimulated  bronchi.  The  results  are  consistent  with  the  presence  of  receptors  for 
NT  on  the  presynaptic  cholinergic  terminals  as  well  as  on  the  post-synaptic  smooth 
muscles  of  the  rat  bronchi. 

respiratory;  smooth  muscle;  bradvkinin;  angiotensin;  substance  P;  VIP;  serotonin; 
cholinergic;  presynaptic 


Introduction 

Neurotensin  (NT)  is  a  tridecapeptide  which  was  first  isolated  from  its  h\po- 
thalamic  location  and  later  shown  to  be  one  of  the  conspicuous  components  of  the 
intestinal  mucosa  (2.3|.  In  the  rat  about  951  of  the  total  amount  of  NT  occurs  in  the 
intestinal  cells  and  this  peptide  is  also  a  normal  constituent  of  plasma  [3).  Moreover. 
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a  number  of  rat  organs  besides  the  viscera  respond  to  NT,  indicating  that  receptors 
for  NT  are  present  in  the  atria  [10,18]  and  coronaries  [11]  as  well  as  in  the  portal 
vein  [4,15].  NT  also  induces  a  release  of  histamine  selectively  from  the  pleural  mast 
cells  [7],  indicating  that  NT  may  have  indirect  as  well  as  direct  effects  in  the  lungs.  It 
is  however  not  yet  established  whether  the  bronchial  smooth  muscle  has  primary 
receptors  for  NT.  A  further  survey  of  the  distribution  of  NT  receptors  outside  CNS 
and  the  visceral  region  is  of  particular  interest  in  view  of  the  postulated  hormonal 
role  for  the  circulating  fraction  of  this  peptide  [16]. 

It  has  therefore  been  the  aim  of  the  present  study  to  search  for  NT  receptors  in 
the  isolated  bronchi  of  the  rat  and  to  characterize  these  relative  to  other  peptide 
receptors  in  this  tissue.  The  results,  briefly  reported  elsewhere  [5],  indicate  that  NT 
receptors  occur  not  only  on  the  bronchial  smooth  muscle  but  also  on  the  postgan¬ 
glionic,  cholinergic  terminals  in  the  bronchial  wall. 


Materials  and  Methods 

Female  Sprague-Dawley  rats  (250-300  g)  were  used.  The  animals  were  killed  bv  a 
heavy  blow  on  the  head.  The  left  and  right  bronchi  (wet  weight  ca.  0.02  g)  were 
mounted  in  parallel  as  circular  preparations  on  hooks  made  from  cannula  (Fig.  1). 
The  thermostatically  controlled  organ  bath  contained  Krebs  solution  (50  ml.  37°C) 
of  the  following  composition  (in  mM):  NaCl.  118.4;  KC1.  4.7;  CaCl:.  2.6;  MgS04. 
1.2;  NaHCOj,  24.9;  KH,P04,  1.2;  glucose.  11.1.  The  solution  was  gassed  with  95% 
Oj  +  5%  C02  (pH  7.4). 

For  electrical  stimulations  the  bronchi  were  mounted  between  platinum  electrodes 
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Fig.  I  The  isolated,  circular  bronchial  preparation.  The  following  stages  in  mounting  are  schematically 
illustrated  (A)  hooks  made  from  cannula  (0.7  mm  diameter.  25  mm  length);  (B)  a  polyethylene  catheter 
was  inserted  into  each  of  the  bronchial  branches  to  support  the  tissue  during  transfer  over  the  tips  of  the 
two  hooks.  (C)  the  bronchia)  segment  in  position;  and  (D)  the  left  and  nght  bronchial  branches  mounted 
in  parallel  in  the  organ  bath  The  lower  hooks  were  fixed  to  side  hooks  on  the  supporting  rod  while  the 
upper  hooks  were  connected  bv  fine  silk  sutures  to  the  force  displacement  transducers. 
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(8  mm  apart).  These  were  stimulated  via  a  Grass  S44  Stimulator.  The  voltage  across 
the  preparations  was  3.5-5  V.  At  a  duration  of  the  square  wave  pulses  of  8  ms  and 
the  half  maximally  effective  frequency  was  8  Hz. 

Each  preparation  was  given  a  preload  of  1 .0  g  and  equilibrated  for  at  least  60  min 
before  the  drug  experiments.  The  contractile  tension  was  recorded  isometrically  via  a 
Grass  Force  Displacement  Transducer  (FT03)  and  monitored  via  a  Grass  Polygraph 
(RPS  7A8A)  fitted  with  amplifiers  (7P122)  for  recording  of  the  mechanical  activity. 

The  peptides  were  added  in  cumulative  doses  for  determination  of  apparent 
affinity  (p D2)  and  intrinsic  activity  (a).  Each  dose  was  allowed  to  react  for  2-3  min 
before  the  next  addition.  Receptor  antagonists  were  added  6  min  before  the  agonists. 

Carbachol  was  taken  as  the  reference  agonist  ( a  =  1.0)  for  estimation  of  the 
maximal  contractile  response  in  each  preparation. 

The  peptides  were  purchased  as  pure,  synthetic  compounds  from  Beckman 
Instruments  and  kept  frozen  in  concentrated  solutions  (0.5-1  mg/ml  in  0.1  M  acetic 
acid).  Addition  of  1 — 300-^xl  aliquots  to  the  50  ml  volume  of  Krebs  solution  had  no 
effect  on  pH. 

The  following  peptides  were  used:  neurotensin  (NT),  bradykinin  (BK).  lysine- 
bradykinin  (LB),  angiotensin  II  (ANG).  saralasin  (SAA,  sar'-ala8-angiotensin  II). 
substance  P  (SP).  Vasoactive  intestinal  polypeptide  (VIP)  was  a  gift  from  Dr.  R. 
Jorde,  Tromstf. 

Carbachol  was  obtained  from  the  British  Drug  House  Ltd.,  atropine  from  The 
Norwegian  Pharmaceutical  Association  and  methysergide  from  Sandoz  AG. 

Means  and  standard  deviations  were  calculated  for  all  data  representing  6  or 
more  observations  for  each  drug  and  dose.  Significance  for  differences  between  the 
means  was  calculated  by  Student’s  r-test  for  independent  and  dependent  groups. 


Results 

The  circular  preparations  of  the  rat  bronchi  were  without  spontaneous  contractile 
activity.  There  was  on  the  other  hand  a  marked  and  rapid  rise  in  isometric  tension 
after  addition  of  acetylcholine  or  a  cholinergic  agonist  such  as  carbachol.  Optimal 
stability  of  the  tension  response  was  obtained  at  a  preload  of  1  g,  and  there  was  no 
difference  in  the  affinity  for  carbachol  added  as  single  or  cumulative  doses.  Cumula¬ 
tive  doses  were  therefore  employed.  The  affinity  for  carbachol  was  considerably 
higher  (pD2  =  6.1)  than  for  acetylcholine  <pZ>2  =  3.7)  although  both  agents  exhibited 
the  same  intrinsic  activity  (Table  I).  Carbachol  was  therefore  chosen  as  the  reference 
agonist  for  estimation  of  the  intrinsic  activities  of  other  compounds.  The  tension 
responses  to  the  cholinergic  agonists  were  completely  abolished  by  atropine  (1.4 
I0‘6M). 

Serotonin  elicited  a  slower  rise  in  tension  than  the  cholinergic  agonists  while 
histamine  (10-7— 10-4  M)  was  without  effect.  As  given  in  Table  I  the  intrinsic 
activity  of  serotonin  was  low  although  the  affinity  for  this  amine  was  of  the  same 
order  as  for  carbachol.  The  effect  of  serotonin  was  abolished  by  methysergide 
(1.1  •  I0"5  M). 
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TABLE  I 


Affinities  and  intrinsic  activities  of  agonists  for  the  isolated  rat  bronchi 


Agonists 

n 

Maximal  cone.  * 
(X10“‘M) 

Maximal  tension 
increase  (in  g) 

pf>2 

a 

Neurotensin 

6 

13 

0.33=0,11 

6  9  =  0.3 

0.10  =  0.04 

Bradykinin 

8 

7.7 

0.37  =  0.29 

6.8  =  0  3 

0.11=0.10 

Angiotensin  II 

9 

10.6 

0.15  =  0.05 

66  =  0.3 

0.04  =  0.02 

Acetylcholine 

12 

8200 

3.26=0.67 

3.7  =  04 

0  92  =  0.04 

Carbachol 

12 

29 

3.48  =  0.69 

6  1=0.2 

1.00 

Serotonin 

15 

38 

0.81=0.41 

5.7  =  03 

0.21  =0.12 

*  By  cumulative  dosage.  The  values  are  means  =  S.D.  for  (n)  experiments.  The  intnnsic  activity  (a)  was 
obtained  as  the  ratio  of  the  maximal  tension  increase  to  the  agonist  and  that  to  carbachol.  Substance  P 
and  VIP  (10_,-10~5  M)  were  without  detectable  effects  on  the  isometric  tension  of  the  rat  bronchial 
preparations  preloaded  with  1  g.  p£>2  =  apparent  affinity. 


Neurotensin  (NT)  induced  concentration  dependent  increases  in  the  isometric 
tension  (Figs.  2  and  3).  By  comparison  with  the  time  course  of  the  carbachol 
response  the  peptide-induced  rise  in  tension  was  slower  Moreover,  the  response  to 
NT  reached  a  maximum  within  2  min,  after  which  it  rapidly  declined  (Fig.  2).  The 
apparent  affinity  for  NT  by  cumulative  doses  (p D2  =  6.9.  Table  I)  was  higher  than 


1m  i  n  t  1  t  i 
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Fig.  2.  Effects  of  peptides  on  the  isometric  tension  in  the  isolated  bronchial  preparations.  Tracings  of  the 
response  to  two  subsequent  doses  of  a  maximally  effective  concentration  of  (A)  neurotensin  (NT).  (8) 
bradykinin  (BK),  and  (C)  angiotensin  (ANG).  The  first  dose  was  allowed  to  act  for  2  min  before  being 
washed  out  (W).  The  preparations  were  washed  three  times  during  ihe  100  min  interval. 
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Fig.  3.  Concentration-response  curves  for  neurotensin,  bradykinin  and  angiotensin  II  on  the  isolated  rat 

bronchi.  Values  are  means  -  S  D  of  n  experiments  with  cumulative  doses  of  neurotensin  (▼ - ▼. 

n  =6),  bradykinin  (O - O.  n  =8)  and  angiotensin  II  (□ - G.  n  =9). 


for  the  cholinergic  agonists  and  closely  similar  to  that  observed  for  two  other, 
systemic  peptides  which  also  caused  an  increase  in  the  contractile  tension  in  the  rat 
bronchial  smooth  muscle,  namely  bradykinin  and  angiotensin  II.  The  intrinsic 
activities  of  NT  and  the  two  other  peptides  were  however  considerably  lower  than 
those  of  the  cholinergic  agonists  (Table  I).  These  peptide  responses  were,  however. 


Mem  NT  W 


Fig.  4  Effects  of  atropine  and  methysergide  on  the  tension  response  to  neurotensin  in  unstimulated  rat 
bronchi.  Tracings  of  the  responses  to  two  subsequent  doses  of  a  maximally  effective  dose  of  neurotensin 
(NT).  The  first  dose  was  allowed  to  act  for  2  min  before  being  washed  out  (W).  After  three  additional 
washes  during  the  3—3.5  h  intervals  atropine  (Air..  I  4  10" 6  M)  and  methysergide  (Meth..  1  1  10  5  M) 
were  added  6  min  before  the  second  dose  of  NT  (upper  and  lower  tracing,  respectively). 
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Fig.  5.  Addmve  effects  of  neurotensin,  bradykinin  and  angiotensin  II  on  the  tension  in  the  isolated  rat 
bronchi.  The  maximally  effective  doses  of  neurotensin  (NT),  bradykinin  (BK)  and  angiotensin  (ANG) 
were  added  (A)  at  1  min  intervals.  (B)  Lys-bradykimn  (LB.  1.6  10  *  M)  1  min  before  NT,  (C)  saralasin 
(SAA.  9.5  10"*  M)  6  min  before  NT.  and  (D)  SAA  6  min  before  ANG.  The  preparation  was  washed  (W) 
after  2  min  exposure  to  NT. 

not  abolished  in  the  presence  of  atropine  or  methysergide.  as  shown  for  NT  (Fig.  4). 
A  pronounced  degree  of  tachyphylaxis  was  observed  after  the  first  exposure  to  either 
of  the  three  active  peptides  (Fig.  2).  Only  the  angiotensin  response  was  antagonized 
by  saralasin  (Fig.  5)  while  the  presence  of  Lys-bradykinin  greatly  diminished  the 
effect  of  bradykinin.  The  response  to  NT  was  on  the  other  hand  not  blocked  by 
pretreatment  with  either  angiotensin  II  or  bradykinin,  their  antagonist  or  agonist 
and  the  effects  of  NT,  bradykinin  and  angiotensin  II  were  additive  (Fig.  5). 

Substance  P  and  VIP  (I0~8-10_5M)  were  without  effect  on  the  mechanical 
activity  of  the  isolated  rat  bronchi. 

Electrical  field  stimulation  of  the  rat  bronchial  preparations  resulted  in 
frequency-dependent  increases  in  tension.  This  response  was  completely  abolished 
by  atropine.  The  response  to  stimulation  at  half  maximal  frequency  (8  Hz)  and 


TABLE  II 

Effects  of  peptides  on  the  tension  response  to  electrical  stimulation  of  the  isolated  rat  bronchi 


Condition 

Concentration 
(x  10'6  M) 

Response 

in  %  of  the  control 

Field  stimulation  (8  Hz,  8  ms) 

Control,  no  peptide 

- 

100 

Experiment,  +  peptide 

Neurotensin 

n 

163  =  49  • 

Bradykimn 

2.8 

127  =  24  > 

Angiotensin  II 

9.5 

169  =  43  * 

Substance  P 

1.5 

114=15  n.s. 

VIP 

4.5 

94=  7  n.s. 

The  values  are  means  =  S.D.  of  6  experiments  for  each  of  the  peptides  The  preparations  were  first 
stimulated  electrically  (controls),  then  exposed  to  a  single  dose  of  the  peptide  (final  concentration  in 
organ  bath  is  given)  until  the  response  was  maximal  before  the  electrical  stimulation  was  repeated.  The 
tension  response  to  stimulation  in  presence  of  the  peptide  is  expressed  in  percent  of  that  in  its  absence 
(control).  The  responses  to  electrical  stimulation  in  the  absence  or  presence  of  peptide  were  abolished  by 
atropine  ( 1.4  - 10" 4  M).  *  P  <0  05;  n  s..  P  >0.05. 


optimal  duration  (8  ms)  were  potentiated  by  the  presence  of  NT.  bradykimn  or 
angiotensin  II  while  unaffected  by  substance  P  or  VIP  (Table  II).  The  potentiating 
effects  of  NT  and  the  two  other  peptides  were,  however,  abolished  by  atropine. 

Discussion 

As  presently  shown,  the  rat  bronchial  smooth  muscles  respond  to  NT  with 
concentration-dependent  increases  in  contractile  tension,  indicating  NT  receptors  in 
the  preparation.  Furthermore,  the  apparent  affinity  for  NT  in  the  bronchial  prepara¬ 
tion  appears  to  be  of  the  same  order  as  previously  reported  for  other  nonvisceral 
tissues  of  the  rat.  such  as  the  atria  [10,18],  the  coronaries  [11],  the  portal  vein  [4.15] 
and  the  pleural  mast  cells  [7],  The  relatively  low  intrinsic  activity  of  NT  in  the 
bronchi  suggests  on  the  other  hand  a  minor  role  for  this  peptide  in  the  absence  of 
parasympathetic  activation  or  concerted  exposure  to  systemic  peptides  such  as 
bradykimn  and  angiotensin  II. 

The  question  is:  To  what  extent  are  the  observed  effects  of  NT  mediated  via  pre- 
or  postsynaptic  receptors,  on  the  pleural  mast  cells  or  on  the  bronchial  smooth 
muscle? 

The  bronchial  walls  of  the  rat  are  innervated  by  cholinergic  fibers  with  ganglia 
close  to  the  smooth  muscle  layers  of  the  airway  and  arteries  [14].  Our  findings  of 
atropine-sensitive  potentiations  of  the  responses  to  electrical  stimulation  by  NT. 
bradykinin  and  angiotensin  II  suggest  that  the  cholinergic  terminals  in  the  airway  of 
the  rat  have  modulating  receptors  for  these  three  peptides.  A  role  for  NT  in 
modulation  of  peripheral  cholinergic  terminals  has  not  previously  been  reported  for 
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the  rat,  although  such  an  effect  has  been  detected  in  the  unstimulated  guinea  pig 
ileum  [6],  Angiotensin  II  has  on  the  other  hand  been  shown  to  potentiate  the  release 
of  the  sympathetic  neurotransmitter  from  electrically  stimulated  hearts  [17]  while 
NT  was  found  to  be  without  effect  on  the  sympathetic  terminals  in  the  rat  portal 
vein  [15],  Neither  bradykinin  nor  substance  P  appear  to  have  specific  effects  on 
peripheral  cholinergic  elements  [1],  The  bronchial  region  of  the  rat  may  thus  be 
unique  in  the  sense  that  one  here  finds  potentiating  receptors  on  the  cholinergic 
terminals,  not  only  for  NT  but  also  for  the  two  systemic  peptides,  bradykinin  and 
angiotensin  II. 

The  pleural  mast  cells  of  the  rat  seem  to  differ  from  the  pentoneal  mast  cells  in 
having  functional  receptors  for  NT  [7],  The  rat  mast  cells  are  known  to  release 
serotonin  as  well  as  histamine  [9],  However,  as  shown  in  this  study,  only  serotonin 
was  able  to  increase  the  contractile  tension  in  the  isolated  rat  bronchi.  An  indirect 
effect  of  NT  via  mast  cell  release  of  serotonin  might  therefore  be  expected.  The 
serotoninergic  blocker,  methysergide,  did  on  the  other  hand  not  abolish  the  bronchial 
responses  to  NT,  bradykinin  or  angiotensin  II.  This  strongly  suggests  that  there  are 
additional,  mast  cell-independent  receptor  systems  for  these  three  peptides  in  the  rat 
bronchi,  on  the  cholinergic  input  and  on  the  respiratory  smooth  muscle  cells. 

In  the  absence  of  electrical  stimulation  cholinergic  blockade  had  no  effect  on  the 
tension  response  to  NT  and  this  effect  of  NT  must  therefore  be  due  to  a  direct 
activation  of  postsynaptic  receptors.  Analogous  to  the  situation  in  the  rat  portal  vein 
[4,15],  the  bronchial  NT  receptors  exhibited  a  pronounced  degree  of  tachyphylaxis. 
This  was  also  the  case  for  the  bradykinin-  and  angiotensin  II  receptors.  Despite  the 
marked  tachyphylaxis  to  each  of  these  peptides,  additive  increases  in  tension  were 
obtained  when  NT  and  the  two  other  systemic  peptides  were  added  in  concert.  These 
observations  strongly  suggest  that  the  bronchial  smooth  muscles  contain  indepen¬ 
dent  receptors  for  these  three  peptides.  Their  low,  individual  intrinsic  activities  and 
additive  effects  suggest,  moreover,  that  these  peptide  receptors  must  be  rather 
loosely  coupled  to  the  transducer  events  in  the  cell  membrane.  Furthermore,  the 
smooth  muscles  of  the  respiratory  tract  appear,  contrary  to  those  in  the  vasculature 
[4],  unique  in  the  sense  that  they  do  not  dilate  in  response  to  VIP.  neither  in  the 
absence  nor  in  the  presence  of  cholinergic  activation. 

The  functional  significance  for  the  peripheral  receptors  for  NT  outside  the  viscera 
remains  to  be  elucidated.  In  view  of  the  postulated  hormonal  role  for  NT  [16],  it  is  of 
interest  to  note  that  the  circulating  levels  of  NT  in  the  rat  is  relatively  high 
(0.05-1  •  10_,M.  Ref.  3)  and  may  increase  further  in  response  to  a  release  from  the 
intestinal  mucosa  after  intake  of  fat  [16].  In  the  rat  the  affinity  for  NT  has  been 
shown  to  increase  after  24  h  of  fasting,  most  markedly  for  the  hypotensive,  mediated 
via  mast  cell  stimulation,  and  coronary  constrictor  responses  [7,8,12,13].  It  is 
therefore  not  unlikely  that  the  bronchial  NT  receptors,  presently  reported  for  the 
cholinergic  terminals  and  smooth  muscle,  may  have  functional  relevance  for  the  rat 
under  certain  nutritional  states,  such  as  during  postprandial  regulations  to  a  fatty 
meal  after  a  period  of  starvation. 
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"  ■‘•irotensin-induced  release  of  histamine 
fr  rat  mast  cells  in  vitro 

P  G  KRUGER.  P  A  AS.  J.  ONARHE1M  and  K  B.  HF.LLE 
Institutes  of  Anatomy  and  Physiology.  University  of  Betgen.  Norway 


Intravenous  injection  of  neurotensin  (NT)  in  doses 
above  1  n mob  kg  results  in  a  dramatic  fall  in  the 
arterial  blood  pressure  concomitant  with  an  in¬ 
crease  in  vascular  permeability  (Carraway  & 
Leeman  19’}).  suggestive  of  a  vasodilators  effect 
via  the  arterial  smooth  muscle.  However,  these  ac¬ 
tions  of  NT  are  prevented  by  pretreating  the  rats 
with  compound  4X/X0  (Chahl  I9’9.  Quirion  et  al. 
19X01  or  antagonists  to  histamine  and  serotonin 
(Quirion  et  al  19X0).  indicating  that  the  vascular 
effects  of  the  high  doses  of  NT  may  to  a  large  extent 
be  mediated  via  the  mast  cells  which  in  the  rat 
release  serotonin  as  well  as  histamine  (Parrat  & 
West  1957). 

NT  releases  histamine  from  the  human  peritoneal 
mast  cells  in  vitro  (Selbekk  et  al.  19X01  and  binds  to 
rat  peritoneal  and  pleural  mast  cells  at  low  peptide 
concentrations  (Lazarus  etal.  1977).  It  has  however 
not  yet  been  established  whether  the  binding  of  NT 
is  coupled  to  release  from  the  rat  mast  cells  and  at 
what  range  of  peptide  concentration  such  a  release 
is  effective. 

The  present  study  described  the  effects  of  syn¬ 
thetic  NT  on  the  histamine  release  from  rat  mast 
cells  derived  from  the  peritoneal  and  pleural  ca¬ 
vities.  The  results  indicate  that  NT  induces  hista¬ 
mine  release  only  from  the  pleural  subpopulation 
under  in  vitro  conditions. 

Mast  cells  were  prepared  essentially  as  earlier  de¬ 
scribed  (Kruger  I97hi,  Male  Wistar  rats  (250-300  gl  were 
used  to  obtain  mixed  cell  suspensions  containing  4-5 'T 
mast  cells,  or  isolated  suspensions  from  the  pleural  and 
peritoneal  cavities.  The  masr  cells  were  harvested  in  a 
balanced  salt  solution  (BSS).  CaCI..  ( I  m.M)  was  present  in 
all  solutions. 

Incubation  procedures.  Pleural  and  peritoneal  cell' 
were  kept  separate  and  run  in  parallel  in  each  experi¬ 
ment.  After  harvesting  the  mast  cells  were  resuspended 
and  washed  three  times  in  BSS  containing  1  mg/ml  of 
bovine  serum  albumin  (BSS- A l. 

Each  cell  type  was  resuspended  in  BSS-A.  prewarmed 
at  37”C  and  aliquots  of  20-50  jxl  were  transferred  to  cen¬ 
trifuge  tubes  containing  2  ml  BSS-A  with  or  without  NT 


(10  10  1  M  tinal  concentration).  Each  tube  contained 

approximately  5-  10  -  ll>‘  or  20-40-  10'  mast  cells/ml  as 
counted  in  a  Burker  cell  chamber.  After  incubating  the 
cells  for  10  min  at  37°C  the  tubes  were  placed  on  ice  and 
centrifuged  at  300-g  for  10  min  at  4°C.  The  supernatants 
and  pellets,  resuspended  in  2  ml  H-O.  were  assayed  for 
histamine  by  the  method  of  Shore  et  al.  (1959).  as  de¬ 
scribed  by  Bergendorff  &  I'vnas  1 1972).  Histamine  release 
is  expressed  in  percentage  of  the  total  histamine  content  of 
the  sample.  The  spontaneous  release  ranged  between 
0.2-X.2r7  (mean  value  3.1 12.4.  ±  SD.  n  =  33). 

Preparation  lor  liplit  and  electron  microscopy.  In  ex¬ 
periments  for  microscopy,  aliquots  of  100-200  *d  of  the 
cell  suspensions  were  transfered  to  20  ml  BSS-A  with  and 
without  NT  and  incubated  as  described  above.  Miquots  of 
2  ml  were  removed  for  histamine  determination  and  the 
remaining  IX  ml  centrifuged  in  the  cold  for  10  min  at 
200-  g  The  pellets  were  fixed  in  2^7  glularaldehyde  in  0  I 
N  cacody  late  buffer  ipH  7,0).  dehydrated  in  alcohols  and 
embedded  in  Spurr's  medium  (Spurr  I9h9).  Semithin  sec¬ 
tions  were  cut  for  light  microscopy  and  stained  by  to- 
luidine  blue  at  pH  3.5.  Lltrathin  sections  were  cut  for 
electron  microscopy,  stained  with  lead  citrate  and  uranyl 
acetate  and  observed  in  a  Phillips  EM  300  electron  mic¬ 
roscope. 

Counting  of  altered  mast  cells.  The  semithin  sections 
were  observed  in  a  Leitz  Orthoplan  microscope  at  a  mag¬ 
nification  of  1000.  Approximately  100  mast  cells  were 
inspected  from  each  sample  Xormal  cells  were  those  with 
no  more  than  one  altered  granule  within  the  cell  or  any 
granule  obviously  expelled  from  (hat  cell  as  observed  from 
the  section  Altered  cells  with  signs  of  amine  release  were 
those  with  two  or  more  altered  granules  within  the  cell  ot 
with  granule  matrices  expelled  from  the  cell  The  numbet 
of  altered  cells  are  expressed  in  percentage  of  the  total 
number  of  counted  cells. 

Xenroiensin  i.\'Tt  was  obtained  from  Beckman  Instru¬ 
ments  Co. 

Histamine  release  As  shown  in  Fig.  I  NT  failed 
to  induce  a  significant  release  from  the  peritoneal 
mast  cells,  whether  in  mixed  or  isolated  cell  sus- 
pensions.  A  different  response  was  recorded  for  the 
pleural  mast  cells;  these  responded  to  NT  (10  :  Ml 
with  20  G  release  of  the  total  content  and  leveled  off 
with  a  maximum  release  (2 5'7)  at  10  '■  M  NT.  The 
values  for  experiments  with  20-40-  10'  cells  weie 
similar  to  those  containing  5-10  ■  10'  per  ml. 
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Fig.  I  Concentration-response  curves  for  neurotensin  on 
the  histamine  release  from  peritoneal  and  pleural  mast 
cells  of  the  rat  in  vitro.  Neurotensin  (M)  in  final  concentra¬ 
tion  during  incubation.  Means  +  SD. 

Morphological  changes  by  light  microscopy .  The 
effects  of  10  «  M  NT  on  the  morphology  of  the 
isolated  and  mixed  preparations  were  compared 
with  the  percentage  of  histamine  release.  As  given 
in  Table  1.  half  of  the  pleural  and  one  fourth  of  the 
peritoneal  mast  cells  showed  morphological  signs  of 
release  although  the  corresponding  values  for  his¬ 
tamine  release  were  considerably  lower. 

Electron  microscopy.  In  the  absence  of  NT  the 
cells  were  densely  packed  with  electron  dense 
cored  granules  (Fig.  2u)  and  no  difference  could 
be  observed  in  the  morphology  of  peritoneal 
and  pleural  mast  cells.  In  the  presence  of  10'“  M 
NT  the  pleural  cells  contained  a  varying  number  of 
altered  granules  in  the  intracellular  vacuoles  and 
altered  granules  were  also  exposed  to  the  extracel¬ 
lular  space  (Fig.  2b).  As  also  observed  in  the  light 
microscope  the  ultrastructural  study  revealed 
pleural  mast  cells  without  signs  of  release. 

The  present  results  have  shown  that  NT  induces 
histamine  release  chiefly  from  a  subpopulation  of 
the  pleural  mast  cells  of  the  rat  under  in  vitro  condi¬ 
tions.  This  response  occurs  at  relatively  high  con¬ 
centrations  of  the  peptide,  as  indicated  from  the  half 
maximally  effective  concentration  (3*  10  '  M.  Fig. 
I).  Such  concentrations  of  the  peptide  may  be 
reached  during  infusions  of  NT  in  the  jugular  vein  in 
doses  well  above  the  threshold  for  the  hypotensive 
response.  I  nmol/kg/min  (Onarheim  et  al  1981) 
Our  findings  thus  strengthen  the  hypothesis  for¬ 
warded  by  Chahl  (1979)  and  Quirion  et  al  (1980) 
that  the  vascular  effects  of  NT  in  rats,  as  first  de¬ 
scribed  by  Carraway  &  Leeman  (1973).  are  largely 
accounted  for  by  mast  cell  discharge 


The  observed  release  of  histamine  is  a  relevant 
expression  of  the  total  amine  secretion  from  the  rat 
mast  cells  since  we  know  from  earlier  work  that 
under  conditions  in  which  histamine  is  released  (he 
rat  mast  cells  also  release  serotonin  (Carlsson  & 
Rilzen  1969)  Although  the  mixed  population  speci¬ 
fically  binds  NT  in  a  reversible  manner 
( K,.=  1 .54  -  10  :  M.  Lazarus  et  al.  1977).  the  pleural 
and  peritoneal  cells  appear  to  differ  with  respect  to 
coupling  of  the  NT-receptor  complex  to  the  re¬ 
lease-triggering  events.  Mast  cells  from  the 
peritoneal  cavity  have  been  shown  to  differ  from 
those  of  pleural  origin  in  some  other  respects,  such 
as  in  sensitivity  towards  antigen,  concanavalin  A. 
ACTH-C,  polypeptide.  ATP  and  the  calcium 
ionophore  A  23187  (Batchelor  &  Stanworth  1980) 
and  the  anti-asthmatic  drug  disodium  cromogly- 
cate  (Almet  al  1981).  Analogous  to  the  case  for  the 
rat  pleural  mast  cells  only  half  of  the  human  jejunal 
mast  cell  population  degranulated  when  exposed  to 
the  maximally  effective  NT  concentration  (10  "  M 
NT.  Selbekk  et  al.  1980).  Moreover,  the  electron 
micrographs  of  the  rat  pleural  cells  revealed  signs  of 
moderate  stimulation  of  each  altered  cell,  with 
altered  granules  mostly  located  within  the  cellular 
vacuoles  even  at  10  ’  M  NT.  These  observations 
suggest  that  within  the  pleural  population  the  acti¬ 
vation  of  the  NT-receptor  appears  to  be  less  effi¬ 
ciently  coupled  to  the  events  involved  in  amine 
discharge  than  common  for  more  potent  sec¬ 
retogogues 

Low  intrinsic  activities  have  also  been  reported 
for  the  NT  receptors  in  other  peripheral  (issues  of 
the  rat.  such  as  in  the  portal  vein  and  bronchi 
where  the  apparent  affinity  for  NT  (10  '-10  r  M. 
Helle  et  al.  1980,  Helle  &  Aas  1981 )  is  similar  lo  lhal 


Table  1  Effect  ofneurolen.\int\1 )  on  the  mast  t  ell 
structure  during  histamine  release  under  in  vitro 
conditions 


Ty  pe  of 
rat  masl  cells 

Histamine 
release 
in  rr  of 
total  amine 
in-') 

Cells  with 
altered  granules 
in  r}  of 
total  cells 

Peritoneal  cells 

Controls 

I  3  r  l 

s  2  -  1  2  in-h) 

-  10  “  M  NT 

s  6 1 3  3 

23  4  1 16  1  m-  x, 

Pleural  cells 

Controls 

3  4-28 

13  2  i  10  3  in-  ') 

-10  "  M  NT 

22  4* ' 

x.x  s  .  23  in  =  hi 
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Fix-  -•  Ultraslructure  of  the  ra(  pleural  trust  cells  (<n 
Control  cell  with  abundance  of  electron  dense  granules 
Bar  =  I  *am.  16)  Cell  after  exposure  to  It)  "  M  neurotensin 
(-5  <7  release  o(  histamine).  Altered  granules  in  earring 
numbers  are  seen  within  cellular  vacuoles  (asterisk » 
Altered  granules  deposited  free  in  the  extracellular 
medium  were  frequently  observed  (arrow!  Bar  I  ytm. 

in  the  pleural  mast  cells.  Moreover,  the  vascular 
and  bronchial  NT  receptors  exhibited  marked 
tachy  phylaxis  under  in  vitro  conditions.  Most  of  the 
rat  NT  derives  from  the  intestinal  mucosa  and  may 
reach  the  peritoneal  and  pleural  mast  cells  via  ihe 
circulation  at  levels  ranging  between  0.05-  I  «  10  ' 
M  (Carraway  &  Leeman  1976).  The  inhomogeneity 
in  the  peritoneal  and  pleural  subpopulattons  in  re¬ 
sponse  to  NT  may  thus  in  part  reflect  different 
degrees  of  tachyphylaxis  related  to  exposure  to  cir¬ 
culating  NT  in  situ  prior  to  these  in  vitro  experi¬ 
ments. 

REFERENCES 

ALM.P  E  .  BLOOM.  G  D  &  HF.NKIKSSON.  K  IWX| 
Anomalous  effects  of  disodium  cromoglycate  A 


Sfurotensin-indui ed  histamine  release  469 

study  of  two  secretory  systems.  Int  Arch  Allergy  Appl 
Immunol  66  416-426. 

BATCHELOR.  K  W  &  STANWORTH.  D  R  1980  A 
comparison  of  the  histamine  releasing  properties  of  rat 
pleural  and  peritoneal  mast  cells.  Immunologv 
41:271-278. 

BERGENDORFF.  A  &  L'VNAS.  B  1972.  Storage  of 
5-hydroxytryptamine  in  rat  mast  cells.  Evidence  for  an 
ionic  binding  to  carboxyl  groups  in  a  granule 
hepanne-protem  complex.  Acta  Physiol  Scand  84: 
320-351 

C.ARLSSON.  S.-.A.  &  RITZEN.  M.  1969  Mast  cells  and 
5-HT  Intracellular  release  of  5-hydroxytryptamine 
(5-HT)  from  storage  granules  during  anaphylaxis  or 
treatment  with  compound  48/80.  Acta  Physiol  Scand 
77:  449-464. 

CARRAWAY.  R.  E  &  LEEMAN.  S.  E.  1973  The  isola¬ 
tion  of  a  new  hypotensive  peptide,  neurotensin,  from 
bovine  hypothalami  J  Biol  Chem  248.  6854-68M . 

CARRAWAY.  R.  E  &  LEEMAN.  S.  E.  I9’6  Charac¬ 
terization  of  radioimmunoassay  able  neurotensin  in  the 
rat.  its  differentiational  distribution  in  the  central 
nervous  system,  small  intestine  and  stomach.  J  Biol 
Chem  251:  7045-7052. 

CHAHL.  L  A.  1979  The  effect  of  putative  neuro- 
transmitpers  on  cutaneous  vascular  permeability  in 
the  rat.  Naunyn-Schmiedeherg  s  Arch  Pharmacol 
309:  159-163. 

HELLE.  K  B.  &.  A.AS.P  1981  Neurotensin  receptors  in 
the  rat  portal  vein  and  bronchi  Blood  Vessels  18  21 J 

HELLE.  K.  B  .  SERCK-H  ANSSF.N.  0..  JORGENSEN 
G  &  KNLDSF.N.  R  1980  Neurotensin-induced  con¬ 
tractions  in  venous  smooth  muscle  J  Aul  Nerv  Svst 
2: 143-155 

KRl  GER.  P  G  1976.  The  histamine  release  process  and 
concomitant  structural  changes  in  rat  peritoneal  masi 
cells.  Int  Archs  Allergy  Appl  Immun  51:608-626. 

L  AZARLS.  L.  H  .  RERRIN.  M.  H.  &  BROWN.  M  19- 
Mast  cell  binding  of  neurotensin.  I.  lodinution  of 
neurotensin  and  characterization  of  the  interaction  of 
neurotensin  with  mast  cell  receptor  sites.  J  Biol 
Chem  252:  ’174-7179. 

ON  ARHEIM.  J..  HELLE.  K.  B.  &  JORGENSEN,  G 
1982  Neurotensin-induced  increase  in  intestinal  blood 
flow  in  the  anesthetized  rat.  Acta  Physiol  Scand  in 
press 

PARRAT.  J  R  &  WEST.  G.  B.  195'  Release  of  5-hx 
droxytry  ptamine  and  histamine  from  tissues  of  the  lal 
J  Ph\  siol  I  Londi  13’:  I ’9 

QL  IRION.  R  .  RIOLX.  E  .  RF.GOLI.  D  &  ST  -PIER¬ 
RE.  S  1980  Compound  48/81)  inhibits  neutolensin-in 
duved  hypotension  in  rats.  Life  Sci  2’:  1 8X9-189* 

SEI  BEKK.  B  H  .  FI  ATEN.  O  &  HAN  SSI  N  |  f 
1980  The  m  vitro  effect  ol  neurotensin  on  human 
ICIiinul  mast  cells  Stand  I  Gastroenterol  I*  4*~ 
461) 

SHORE.  P  A  Bt  RKHAI  TER  A  A.  COHN.  V  H 
19X9  A  method  for  the  tluoiimetiic  assav  ol  histamine 
in  tissues  J  Pharmacol  Exp  Ihei  12"  182-186 

SPl  RR.  A  R  1969  A  Kiw-vistositv  epoxv  tesin  embed 
ding  medium  for  election  nucioscopv  J  l  Itiastriici 
Res  26  1 1 -4 1 


•l'  In  \  i.  »/  Si  ■  •’ J 


.UVt  UNY'i  N  I 


51 


Acta  Physiol  Scand  1983,  117:477-480 

Serotonin  induced  release  of  acetylcholine  from  neurons 
in  the  bronchial  smooth  muscle  of  the  rat 

P,  AAS 

Department  of  Physiology  PK1.  University  of  Bergen,  N-5000  Bergen,  Norway 


Studies  in  intact  and  isolated  preparations  of  the 
dog  lungs  have  shown  that  serotonin  can  induce 
bronchoconstnction  and  vasoconstriction  either 
through  a  reflex  mechanism  or  via  direct  action  on 
serotonin  receptors  on  smooth  muscle  cells  (Hahn 
et  al.  1978).  A  cholinergic  component  in  this  reflex 
is  suggested  by  the  observations  that  atropine  pre¬ 
vents  the  bronchoconstnction  induced  by  sero¬ 
tonin  in  dogs  (Islam  et  al.  1974).  Several  groups 
report  on  the  possible  release  of  acetylcholine  by 
serotonin  in  guinea-pig  ileum  (Brownlee  &  Johnson 
1965.  Offermeier  &  Ariens  1966)  and  lung  (Bhatta- 
charya  1955,  Vaage  1976).  It  is,  however,  not  yet 
established  whether  the  contractions  arising  from 
the  serotonin-induced  acetylcholine  release  are  of 
importance  compared  to  the  contractions  elicited 
via  postsynaptic  serotonin  receptors  on  the  bron¬ 
chial  smooth  muscle  per  se.  These  alternatives  can 
be  elucidated  by  studying  the  isolated  rat  bronchi. 
Unlike  that  of  the  guinea-pig  (Mizrahi  et  al.  1982) 
this  tissue  shows  atropine-sensitive  potentiations  of 
the  responses  to  electrical  stimulations  by  neuro¬ 
tensin.  angiotensin  II  and  bradykinin  (Aas  &  Helle 
1982)  as  well  as  to  serotonin,  indicating  that  cholin¬ 
ergic  terminals  with  peptide  receptors  and  recep¬ 
tors  to  serotonin  are  present  in  the  preparation. 

Moreover,  the  rat  pleural  mast  cells,  releasing 
both  serotonin  and  histamine  (Parrat  &  West  1957, 
Carlson  &  Ritzen  1969),  is  stimulated  to  amine 
release  by  neurotensin  (Kruger  et  al  1982).  suggest¬ 
ing  that  receptors  for  the  mast  cel!  amines  may  be 
located  pre-  and  post-synaptically  in  parallel  to  that 
for  neurotensin  (Aas  &  Helle  1982). 

The  present  experiments  were  designed  to  de¬ 
scribe  the  diverse  effecsts  of  serotonin  on  the  iso¬ 
lated  bronchial  smooth  muscle  of  the  rat.  The  re¬ 
sults  indicate  that  serotonin  stimulated  the  smooth 
muscles  to  contract  via  presynaptic  receptors  on 
cholinergic  terminals  in  addition  to  postsynaptic 
receptors  on  the  airway  smooth  muscles. 


•METHODS 

Female  Sprague-Dawley  rats  (250-300  g)  were  killed  by  a 
heavy  blow  on  the  head.  The  ventral  body  wall  was 
opened  along  the  midline  and  the  lungs  exposed.  The  left 
and  right  bronchi  (w.  weight  ca  0  02  g)  were  dissected  free 
and  mounted  in  parallel  as  circular  preparations  on  hooks 
made  from  cannula  (Aas  &  Helle  19821  in  a  thermo¬ 
statically  controlled  organ-bath  containing  Krebs  solution 
(50  ml.  37°C)  of  the  following  composition  (in  mM):  NaCI 
118  4.  KCI  4.7.  CaCI;  2.6,  MgSo.  1.2.  NaHCO,  24  9. 
KH2P04  1.2.  Glucose  11.1.  The  solution  was  gassed  with 
95%  O,  and  5%  CO;  (pH=7.4). 

Each  preparation  was  given  a  preload  of  1.0  g  and 
equilibrated  for  at  least  60  min  before  start  of  experi¬ 
ments.  For  electrical  stimulation  the  bronchi  were  mount¬ 
ed  between  platinum  electrodes  (8  mm  apart)  These  were 
stimulated  via  a  Grass  S  44  stimulator.  The  voltage  across 
the  preparations  was  3.5—5  0  V. 

Contractile  tension  changes  induced  by  drugs  or  electri¬ 
cal  stimulation  was  recorded  isometricallv  via  Grass  force 
displacement  transducers  (FT  03)  and  monitored  via  a 
Grass  polygraph  (RPS  7A8A)  fitted  with  amplifiers  (7  P 
122)  for  recording  of  the  mechanical  activity  Carbachol 
and  acetylcholine  were  added  in  cumulalive  doses  as  ref¬ 
erence  agonists  for  determination  of  the  affinity  (pD;l  to 
and  intrinsic  activity  (al  of  serotoinin.  Each  dose  was 
allowed  to  interact  with  the  preparation  until  maximal 
tension  was  reached  before  the  next  addition  Receptor 
antagonists  were  added  6  mm  before  the  agonists 

Carbachol  was  obtained  from  the  British  Drug  House 
Ltd.  histamine  and  atropine  from  the  Norwegian  Pharma¬ 
ceutical  Association,  serotonin  from  Beckman,  physo- 
stigmine  from  C  H  Boehnnger  Ingelheim  and  methyser- 
gide  from  Sandoz  A  G. 

Means  and  standard  deviations  were  calculated  for  all 
data  representing  6  or  more  observations.  Significance  for 
difference  between  Ihe  data  was  calculated  by  Student  s  t- 
test  for  dependent  groups 


RESULTS 

Serotonin  stimulated  contractile  activity  in  the 
smooth  muscles  of  the  rat  bronchi  in  concentrations 

Present  address  Norwegian  Defence  Research  Establish 
ment.  Division  for  Toxicology.  P  ()  Box  25.  N-2(Kf 
Kjeller.  Norway 
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Fig.  I.  The  effects  of  physostigmine  on  concentration-response  curves  for  serotonin. 

Serotonin:  (O - O).  Serotonin-*- physostigmine  ( 1 .3  x  10“ 7  M):  (3 - 3).  Serotomn- 

+ physostigmine  (1.3xl0~4  M):  (•— — •).  The  response  to  serotonin  and  serotonm- 
+  physostigmine  (1  3x10“’  M)  is  plotted  in  per  cent  of  the  maximal  response  to 
serotonin + physostigmine  (1.3xl0'6  M).  The  values  are  means  ±  SD  (n=7).  The  in¬ 
trinsic  activity  (a)  was  obtained  as  the  ratio  of  the  maximal  tension  increase  in  each 
series  and  that  to  serotonin  with  physostigmine  (1.3  x  I  O' 4  M).  pDj= apparent  affinity. 
**p<0.01,  *p<0.05,  n*p>0.05. 


ranging  from  KT8-l(T5M  as  shown  in  Fig.  1.  The 
affinity  for  serotonin  (pD2=5.6)  was  slightly  lower 
than  for  the  cholinergic  agonist,  carbachol 
(pDj=6.1),  while  considerably  higher  than  for  ace¬ 
tylcholine  in  absence  of  acetylcholinesterase  inhibi¬ 
tors  (pD.3.7),  The  intrinsic  activity  of  serotonin 
(0.21)  was  on  the  other  hand  considerably  lower 


Table  1.  Effect  of  physostigmine  and  atropine  on 
the  response  to  serotonin  in  the  bronchial  smooth 
muscle 

The  values  are  means  ±  SD  (n=6).  The  intrinsic  activity 
(a)  is  the  relative  tension  increase  compared  to  that  in  the 
presence  of  serotonin  and  physostigmine  (1.3x10'*  M). 
**p<0.01.  *p<0.05,  "’p>0.05 

Agonists  a 


Serotonin  0  33±0  24  — 

Serotonin+physostigmine  (1.3x10"’  M)  0.60+0.27  *  *• 
Serotonin  +  physostigmine  (1.3x10'**  M)  1.00 

Serotonin  0.33+0.24 

Serotonin+atropine  (l.4x  I0"4  M)  0.22+0.14  * 

Serotonin  +  physostigmine  ( 1 . 3  x  1 0  "  7  M )  n.s. 

+ atropine  ( l  .4x  I0"4  M)  0.22+0.14 

Serotonin  +  physostigmine  (l.3x|0‘*  M)  n.s. 

+atropine  (l  .4x  I0'4  M)  0.22+0.14 


than  for  the  cholinergic  agonists  (carbachol.  1.00. 
and  acetylcholine,  0.92).  The  serotonin  blocker, 
methysergid  (10"s  M),  which  completely  blocked 
the  response  to  serotonin,  had  no  effect  on  the 
responses  to  the  cholinergic  agonists  (Table  2). 

Inhibition  of  acetylcholinesterase  by  physostig¬ 
mine  <10"7-10"6  M)  enhanced  the  intrinsic  activ¬ 
ity  of  serotonin  considerably  (Fig,  1).  On  the  other 
hand,  when  atropine  was  added,  there  was  a  signtfi- 

Table  2.  The  effect  of  methysergide  on  the  response 
to  serotonin,  carbachol  and  acetylcholine 

The  response  (hat  a  maximally  effective  dose  of  serotonin 
(3.8x10"’  M),  carbachol  (30x10"’  M)  and  acetylcho¬ 
line  (8.0x10"’  M)  induce  after  addition  of  methysergide 
(I. lx  10" 5  M)  6  min  prior  to  the  agonist  is  expressed  in 
per  cent  +SD  (n=6)  of  that  in  its  absence  (control). 
"  ’  p>0.05 


Agonists 

Response 

Serotonin 

100 

Serotonin  +  methysergide 

<1 

Carbachol 

100  0 

Carbachol  +  methysergide 

96.8±5.8 

Acetylcholine 

100  0 

Acelylcho(ine+ methysergide 

97  8  +  7.5 
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Serotonin 


serotonin 


Fig.  2.  Effects  of  serotonin  on  electrical  stimulation. 
Tracing  of  the  response  to  electrical  stimulation  before 
and  after  the  addition  of  serotonin  (3.8x10  '  Ml. 


cant  reduction  in  the  intrinsic  activity  of  serotonin 
(Table  1).  In  the  presence  of  atropine  there  was  no 
effect  of  physostigmine  (10~7-10*6  M). 

Electrical  field  stimulation  caused  a  contractile 
response  in  the  rat  bronchi  which  was  completely 
abolished  by  atropine  (Aas  &  Helle  1982).  At  the 
half  maximal  frequency  (8  Hz.  8  ms)  (Fig.  2).  the 
presence  of  serotonin  greatly  facilitated  the  con¬ 
tractile  response  to  electrical  stimulation. 

Neither  the  cholinergic  agonists  nor  serotonin 
had  any  tachyphylactic  effects  in  the  rat  bronchial 
preparation. 

Histamine  had  no  contracting  or  relaxing  effects 
on  the  bronchial  smooth  muscle  in  concentrations 
ranging  from  10-7-l(T4  M. 

DISCUSSION 

The  methysergide-sensitive  responses  to  serotonin 
are  taken  as  evidence  for  serotonin  receptors  in  the 
isolated  bronchi  of  the  rat.  The  intrinsic  activity  of 
serotonin  was  low  compared  to  the  cholinergic  ago¬ 
nists  and  it  is  therefore  reasonable  to  assume  that 
serotonin  plays  a  less  important  role  than  the  para¬ 
sympathetic  neurotransmitter  in  regulating  the 
tonus  of  the  rat  bronchi.  However,  the  present 
results  strongly  suggest  that  serotonin  participates 
as  a  pre-synaptic  modulator,  thereby  augmenting 
the  output  from  the  parasympathetic  terminals. 
These  conclusions  rest  on  the  fact  that  the  sero¬ 
tonin  responses  were  partly  blocked  by  atropine,  in 
accordance  with  earlier  work  on  calf  tracheal  prep¬ 
arations  (Offermeier  &  Aliens  1966).  Mizrahi  et  al. 
(1982)  reports  on  serotonin  receptors  in  the  guinea- 
pig  trachea  but  do  not  provide  data  on  atropine 
effects  on  the  serotonin  responses.  Analogous  to 
the  situation  in  the  guinea-pig  ileum,  in  which  sero- 
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tonin  modulates  the  electrically  induced  release  of 
acetylcholine  (Fosbraey  &  Johnson  1980),  there 
seems  to  be  a  serotonin-potentiated  release  of  ace¬ 
tylcholine  in  the  electrically  stimulated  rat  bronchi. 
The  present  conclusions  on  coexistence  of  pre-  and 
post-synaptic  receptors  for  serotonin  in  the  rat 
bronchi  are  further  strengthened  by  the  potentiating 
effects  of  physostigmine.  leading  to  a  two  fold  in¬ 
crease  in  the  intrinsic  activity  and  enhancement  of 
the  affinity  of  serotonin  in  the  unstimualted  prep¬ 
arations.  As  these  effects  on  the  serotonin  response 
were  blocked  by  atropine,  the  present  findings  indi¬ 
cate  that  the  serotonin-mediated  potentiations  of 
the  parasympathetic  output  are  of  great  impor¬ 
tance.  In  this  respect  the  rat  resembles  to  some 
extent  the  dog  where  the  response  to  serotonin  was 
found  to  be  abolished  by  atropine  (Islam  et  al. 
1974). 

As  the  rat  mast  cells  are  known  to  release  sero¬ 
tonin  as  well  as  histamine  (Parrat  &  West  1957).  it 
is  of  interest  to  note  that  only  one  of  the  mast  cell 
amines  is  able  to  modulate  the  bronchial  tonus  in 
the  rat.  In  this  respect  there  is  a  marked  species 
difference  between  the  rat  and  the  guinea-pig  bron¬ 
chi.  which  also  show  a  much  wider  range  of  peptide 
receptors  (Mizrahi  et  al.  1982). 

In  conclusion,  the  present  experiments  have  pro¬ 
vided  additional  evidence  for  our  previous  report 
on  an  intimate  regulation  of  the  bronchial  tonus  by 
the  parasympathetic  input  (Aas  &  Helle  1982). 
Moreover,  the  present  findings  strongly  suggest 
that  serotonin  is  the  only  amine  of  the  rat  mast  cells 
to  have  an  effect  on  the  bronchial  tonus:  an  effect 
which  appears  to  be  largely  elicitated  via  presynap- 
tic  receptors  on  the  cholinergic  terminals. 

1  wish  to  (hank  Dr  K.  B.  Helle.  Department  of  Physiol¬ 
ogy.  University  of  Bergen  for  helpful  discussions  during 
the  preparation  of  this  manuscript. 
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ABSTRACT 

P  Aas  and  F  Fonnum,  European  J  Pharmacol*  .  Presynaptic 

muscarine  and  adenosine  receptors  Inhibiting  evoked  release  of  ace¬ 
tylcholine  from  nerves  In  the  rat  bronchial  smooth  muscle. 

The  KC1  (51  tnM)  evoked  release  of  acetylcholine  ([^H]-Ach  and  Ach) 
from  cholinergic  nerves  in  the  rat  bronchial  smooth  muscle  was  studied 
In  a  superfusion  system.  The  release  was  reduced  85%  by  lowering  the 
Ca2+  concentration  from  2  mM  to  0.1  mM.  The  veratridine  and  electri¬ 
cally  induced  release  of  Ach  were  completely  inhibited  by  tetrodo- 
toxin.  The  muscarinic  agonist  oxotremorine  reduced  the  potassium 
stimulated  release  by  about  20%,  without  having  any  effect  on  the 
basal  release.  In  contrast,  scopolamine  potentiated  the  potassium  sti¬ 
mulated  release  by  58%.  The  inhibitory  action  of  adenosine  (28%)  on 
the  transmitter  release,  was  only  partially  antagonized  by 
theophylline.  Although  adenosine  reduced  the  output  of  Ach,  there  was 
a  potentiation  of  the  Ach  induced  contraction  of  the  bronchial  smooth 
muscle.  These  results  indicate  that  cholinergic  terminals  in  the  rat 
bronchi  possess  muscarinic  receptors,  which  inhibits  the  release  of 
Ach  when  stimulated.  Adenosine  receptors  may  have  analogues  effects, 
i.e.  presynaptic  inhibition  and  postsynaptic  enhancement. 


Index  terras:  Acetylcholine,  Adenosine,  Presynaptic,  Bronchi. 
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INTRODUCTION 


It  is  generally  assumed  that  the  parasympatetic  innervation  of  the 
lung  via  the  vagus  is  the  motor  control  nerve  for  both  airway  smooth 
muscle  and  glands  (Widdicombe,  1963).  The  existence  of  these  choli¬ 
nergic  nerves  in  the  bronchial  smooth  muscle  have  been  shown  in  the 
rat  (El-Bermaln  et  al.t  1970).  The  bronchomotor  tone  of  the  airway 
smooth  muscle  has  usually  been  looked  upon  as  a  balance  between  para¬ 
sympathetic,  sympathetic  and  non-adrenergic,  non-cholinergic  inhibi¬ 
tory  nerve  activities  (Diamond  and  Richardson,  1982).  Although  these 
mechanisms  may  dominate  one  cannot  exclude  an  involvement  of  presynap- 
tic  modulatory  receptors  which  either  autoregulate  the  neuro¬ 
transmitter  release  or  regulate  the  release  of  other  neurotrans¬ 
mitters. 

The  involvement  of  presynaptic  receptors  in  the  regulation  of  neuro- 
transmitter  release  is  well  documented  for  nerves  releasing  norepi¬ 
nephrine  i  different  mammalian  tissues  (cf.  Stjarne,  1975;  Starke  et 
al. ,  1977).  Regulation  of  Ach  release  by  muscaric  receptors  is  also 
well  established  for  centrally  located  cholinergic  nerves  (Polak  and 
Meeuws,  1966;  Molenaar  and  Polak,  1970;  Kato  et  al. ,  1975;  Szerb  et 
al. ,  1977;  Nordstrom  et  al. ,  1982).  Some  studies  also  indicate  the 
existence  of  autoregulation  of  transmitter  release  in  the  periphery  by 
stimulation  of  presynaptic  muscarinic  receptors.  Alberts  and  Stjarne 
(1982)  and  Alberts  et  al.  (1982)  have  shown  that  presynaptic  muscari¬ 
nic  receptors  are  present  on  cholinergic  nerve  terminals  in  the 
guinea-pig  myenteric  plexus.  There  was  an  inhibiting  effect  of  oxotre- 
morine  on  the  release  of  Ach  and  this  effect  was  competitively  antago¬ 
nized  by  atropine.  Kilbinger  and  Wagner  (1975)  also  demonstrated  an 
inhibition  of  Ach  release  by  oxotreraorine  and  thereby  showed  the 
possible  existence  of  receptors  autoregulating  the  release  of  Ach  from 
cholinergic  nerves  in  the  guinea-pig  ileum  longitudinal  muscle. 
Presynaptic  muscarinic  receptors  may  be  a  fairly  general  regulation 
mechanism,  by  which  the  release  of  Ach  is  modulated.  Whether  this 
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mechanism  only  operates  during  inhibition  of  acetylcholinesterase  when 
Ach  release  is  depressed  by  excess  Ach  (Szerb  and  Somogyi,  1973)  is 
still  an  open  question,  but  more  recent  studies  with  radiotracer  tech¬ 
niques  suggest  a  moderate  enhanchement  of  transmitter  release  during 
atropine  inhibition  in  the  absence  of  acetylcholinesterase  inhibitors 
(Hadhazy  and  Szerb,  1977).  This  implies  that  Ach  released  from  choli¬ 
nergic  nerves  under  normal  physiological  conditions  may  autoinhibit 
the  release  of  neurotransmitter. 

In  parallel  to  the  presynaptically  stored  Ach,  considerable  quantities 
of  ATP  have  also  been  reported  to  be  costored  and  released  from  ter¬ 
minals  of  the  phrenic  nerve  in  the  rat  diaphragm  during  stimulation 
(Silinsky  and  Hubbard,  1973;  Silinsky,  1975;  Fredholm  and  Hedqvist, 
1980).  Hydrolytic  enzymes  in  the  synapse  hydrolyze  ATP  to  adenosine, 
and  the  concentration  of  adenosine  increases  in  the  synapse  after  a 
stimulation.  Therefore  adenosine  may  have  modulatory  effects  and  sti¬ 
mulate  both  pre-  and  postsynaptically.  These  affects  are  probably  due 
to  stimulation  of  specific  adenosine  receptor  sites.  Several  recent  in 
vitro  studies  have  demonstrated  that  purines,  specially  adenosine, 
inhibit  the  contraction  induced  by  cholinergic  nerve  stimulation  in 
guinea-pig  ileum  (Vizi  and  Knoll,  1976;  Gustafsson  ^t  al. ,  1978).  The 
inhibition  was  apparently  presynaptic  since  it  was  found  to  be  accom¬ 
panied  by  diminished  release  of  Ach  from  cholinergic  nerves 
(Gustafsson  _et  al^. ,  1978;  Hayashi  et  al. ,  1978).  Adenosine  probably 
also  excert  some  of  its  effects  through  a  postsynaptic  receptor  mecha¬ 
nism  in  the  airway  smooth  muscle,  shown  by  the  contraction  of  the  iso¬ 
lated  guinea-pig  trachea  (Fredholm  _et^  a_l.  ,  1979;  Fredholm  and 
Hedqvist,  1980).  Adenosine  induced,  however  only  a  slight  contraction 
in  the  trachea  smooth  muscle  preparation  with  a  low  intrinisic  acti¬ 
vity  compared  to  cholinergic  agonists. 

The  aim  of  the  present  study  was  to  characterize  the  possible 
existence  of  modulating  receptor  mechanisms  with  particular  interest 
in  the  effect  of  Ach  and  adenosine  on  cholinergic  nerves  in  the 
bronchial  smooth  muscle  of  the  rat.  The  study  is  of  particular  rele- 
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vance  for  interpretation  of  the  toxic  effects  of  inhaled  choli¬ 
nesterase  inhibitors  on  the  bronchial  muscle  tonus  in  vivo  (Fonnum  et 
al. ,  1984). 

MATERIALS  AND  METHODS 


Animals 


Male  Wistar  rats  (200-300  g)  were  used  throughout  and  the  rats  were 
given  a  standard  labroatory  diet  and  water  ad^  libitum.  The  animals 
(from  Mollegaard,  Copenhagen)  were  kept  in  standard  laboratory  cages 
on  daily  renewed  sawdust  for  1-2  weeks  before  start  of  experiment.  The 
rats  were  healthy  and  they  were  without  symptoms  of  infections  in  the 
lungs  or  in  the  respiratory  tract.  They  were  killed  by  decapitation 
and  the  lung  and  airways  were  dissected  out  and  transferred  to  the 
physiological  buffer. 


Chemicals 


The  following  chemicals  were  used: 

Adenosine  hemisulfate,  Bovine  serum  albumine,  Hemicholinium-3 , 
Oxotremorine,  Scopolamine  hydrochloride,  Theophylline  and  Veratridine 
sulfate  salt,  all  from  Sigma. 

Additonal  drugs  were  used:  Atropine  sulfate  (Norsk  Medisinal  Depot, 
Oslo),  [  H] (Methyl)-choline  chloride,  80.0  Ci/ramol  (New  England 
Nuclear)  and  Tetrodotoxin  (Sankyo,  Tokyo). 


! 

•  _ _ _ _  - 
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Superfusion  media 


The  basic  suparfusion  madium  (madium  1)  had  tha  following  composition 
(in  mM) :  NaCl  140.0,  KC1  5.1,  CaCl2  2.0,  MgS04  1.0,  Na2HP04  1.2, 
Tris-HCl  15.0,  glucose  5.0.  The  depolarization  madium  (medium  2)  con¬ 
tained  51  mM  KC1  with  tha  concentration  of  NaCl  reduced  accordingly  to 
keep  the  ionic  strength  constant.  Medium  3  had  a  similar  composition 
to  medium  1  but  0.1  mM  CaCl^  and  10  mM  MgSO^.  Medium  4  was  similar  to 
medium  2,  but  with  the  same  changes  as  described  for  medium  3.  The 
two  latter  media  were  employed  in  order  to  assess  the  calcium- 
dependent  release.  The  media  were  continuously  oxygenated  with  100%  02 
(pH  =  7.4,  25°C) . 


Superfusion  conditions 


Subsequent  to  decapitation  and  dissection  the  two  main  bronchi  were 
opened  along  the  ventral  side  and  cut  into  pieces  of  approximately 
1  mg  wet  weight.  The  pieces  of  bronchial  smooth  muscle  tissue  (4x1  mg 
wet  weight,  protein  cone.  mg/mliSEM  ,  0.60±0.0l,  n=45)  were  super- 
fused  in  perfusion  chambers  made  from  two  disposable  pipette  tips.  The 
chamber  volume  was  approx  100  ul  and  the  flow  200  ul/min  generated  by 
a  peristaltic  pump  (Gilson,  4  channels).  The  dead  volume  of  the  flow 
system  was  very  low  (150  ul),  thus  permitting  rapid  responses  when 
switching  between  the  respective  media.  Nylon  tubing  (Portex,  0.25  mm 
I.D.)  was  employed  to  and  from  the  super fusion  chambers.  The  reser¬ 
voirs  containing  the  media  and  perfusion  chambers  were  kept  in  a 
waterbath  at  25°C  during  the  experiments.  Samples  were  collected  at  5 
min  intervals  (i.e.  1  ml  fractions)  after  an  initial  wash-out  period 
of  60  min.  500  ul  of  superfusing  media  was  counted  in  5  ml  scin¬ 
tillation  cocktail  (Instagel,  Packard  Instrument  Company).  Homogenized 
tissue  (1.5  ml)  was  counted  in  fractions  of  500  ul* 
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Release  of  [  H  -Acetyl  choline 

Prior  Co  start  of  superfusion,  the  tissue  was  incubated  for  60  min  in 
1.1  pM  [^H]-choline  chloride  (10  Ci/mmol)  (medium  1)  on  a  shaker 
(25°C),  washed  twice  in  medium  1  and  superfused  for  60  min  prior  to 
start  of  collecting  samples.  The  superfusion  media  contained 
hemicholinium-3  (10  pM) . 

Isometric  contraction  measurements 


The  left  and  right  bronchi  were  mounted  in  parallel  as  circular  pre¬ 
parations  and  the  tension  was  recorded  isometrically  via  a  Grass  Force 
Displacement  Transducer  (FT03)  and  monitored  via  a  Grass  Polygraph 
(RPS  7A8A)  fitted  with  amplifiers  (7P122).  For  further  details,  see 
Aas  and  Helle  (1982). 

Data  analysis 


Fractional  rate  of  release  was  calculated  with  a  specifically  designed 
computer  program  for  the  Apple  II  microcomputer.  Peak  areas  as  well  as 
basal  release  during  the  depolarization  period,  ratios  between  peak 
areas  and  corresponding  basal  release  could  be  calculated.  Means  and 
standard  error  of  the  mean  (SEM)  were  calculated  for  all  data. 
Significance  for  differences  between  the  mean  values  were  calculated 
by  the  Student's  t-test  for  independent  and  dependent  groups. 

Protein  was  determined  according  to  Lowry  et  al^  (1951),  with  bovine 
serum  albumine  as  standard. 
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RESULTS 


General  affects  on  the  potassium  evoked  release  of  Ach 


The  results  in  Figure  1  show  the  release  of  [3H]-Ach  from  cholinergic 
terminals  in  bronchial  smooth  muscle  tissue  from  rat,  when  stimulated 
with  high  potassium  (51  mM) .  The  increase  in  transmitter  release  was 
rapid  and  decreased  to  the  previous  level  of  basal  release  after 
returning  to  the  low  potassium  medium  (medium  1).  In  the  presence  of 
hemicolinium-3,  which  inhibits  the  high  affinity  uptake  of  choline 
(Yamamura  and  Snyder,  1973)  it  was  possible  to  stimulate  the  choli- 
nergic  terminals  to  release  [  H]-Ach  repetitively,  with  only  a  minor 
decrease  in  the  amount  of  [3H]-Ach  released. 

There  was  a  large  decrease  by  85%  in  the  release  of  [  H]-Ach  when  sti- 

2+ 

mulating  with  high  potassium  in  the  presence  of  a  low  Ca  -concentration 
(0.1  mM)  (Figure  2).  This  reduction  in  transmitter  release  was  comple- 
tely  reversed  when  changing  back  to  the  2  mM  Ca  -medium.  Tetrodotoxin 
(3  pM)  had  minor  effects  (19%)  on  the  potassium  stimulated  release, 
but  it  totally  inhibited  the  veratridine  (75  pM)  induced  release  of 
[3H]-Ach  as  illustrated  in  Figure  3.  Tetrodotoxin  also  completely 
inhibited  the  electrically  induced  _in  vitro  contraction  of  the 
bronchial  smooth  muscle  with  no  effect  on  Ach  induced  contraction  (not 
shown) . 

The  effect  of  presynaptlc  muscarinic  receptor  stimulation 


The  presence  of  the  muscarinic  receptor  agonist  oxotremorine  (50  pM) 
induced  a  20%  reduction  in  the  potassium  stimulated  release  of  [3h]- 
Ach  (Figure  4).  Increasing  the  concentration  of  Ach  in  the  synaptic 
cleft  by  superfusing  the  tissue  with  the  cholinesterase  inhibitor 
soman  appeared  also  to  reduce  the  spontaneously  released  [3H]-Ach  (not 


shown).  The  opposite  effect  was  observed  by  superfusing  the  bronchial 
tissue  with  a  potassium  medium  (51  mM)  containing  the  muscarinic  anta¬ 
gonist  scopolamine  (30  pM) .  Scopolamine  increased  the  amount  of 
[  H]-Ach  released  by  58%,  without  having  any  effects  on  the  basal 
release  of  neurotransmitter .  The  modulatory  effect  of  scopolamine 
which  were  seen  on  the  stimulation  with  high  potassium  were  not  fully 
reversible  within  20  minutes  of  superfusion  in  the  absence  of  the 
antagonist . 

Effects  of  adenosine 

Adenosine  (30  pM)  decreased  the  potassium  evoked  release  of  [  H]-Ach 
by  28%  (Table  1).  There  was  a  small  (10%)  but  significant  inhibitory 
effect  of  theophylline  (1  mM)  on  the  adenosine  induced  reduction  in 
transmitter  release.  The  release  of  [  H]-Ach  slowly  recovered  to  nor¬ 
mal  when  omitting  adenosine  from  the  perfusion  fluid.  Although  adeno¬ 
sine  reduced  the  output  of  [3H]-Ach  from  the  cholinergic  terminals, 
adenosine  both  stimulated  the  bronchial  smooth  muscle  to  contract  and 
potentiated  the  contraction  induced  by  electrically  stimulated  release 
of  Ach  from  the  cholinergic  terminals  in  the  tissue  (Table  2).  This 
potentiation  exceeded  65%  when  the  tissue  was  stimulated  electrically, 
but  was  not  significantly  increased  in  the  presence  of  exogenously 
added  Ach.  The  electrically  induced  contraction  of  the  bronchial 
smooth  muscle  was  due  to  release  of  Ach  (Aas  and  Halle,  1982). 
Adenosine  showed  a  marked  tachyphylactic  effect  in  the  tissue,  but 
adenosine  did  on  the  other  hand  not  induce  any  tachyphylaxis  to  repe¬ 
titive  stimulation  by  Ach. 

DISCUSSION 

The  results  presently  described  show  that  the  cholinergic  terminals  in 
the  bronchial  smooth  muscle  in  the  rat  are  subject  to  autoregulation 
via  inhibitory  muscarinic  receptors.  Adenosine  has  been  shown  to  modu¬ 
late  Ach  release  via  an  inhibitory  presynaptic  receptor  in  this  pre- 
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paration  in  parallel  to  potentiate  the  postsynaptic  stimulation  by 
Ach.  Our  evidence  rests  on  the  assumption  that  [3H]-Ach  is  formed 
from  the  radiolabeled  choline  taken  up  actively  from  the  medium  into 
the  cholinergic  terminals  and  subsequently  released  from  the  presynap- 
tic  stores  in  response  to  potassium  evoked  depolarizations. 


Formation  and  release  of 


rs 

H |-acetylchollna 


In  the  present  experiments  the  neuronal  stores  of  Ach  were  labelled  by 

incubation  of  the  bronchial  smooth  muscle  with  cholinergic  nerves  and 

terminals  in  1.1  pM  [ ^H]-choline .  High  potassium  (51  mM)  released 

2+ 

radiolabelled  Ach  in  a  Ca  -dependent  manner  (Figure  2).  A  similar 
release  was  obtained  with  veratridine,  an  effect  that  was  largely 
antagonized  by  tetrodotoxin  (TTX,  3  pM)  (Figure  3A),  in  contrast  to 
that  of  the  potassium  evoked  release  (Figure  3B).  Our  findings  are 
consistent  with  those  reported  by  Caterall  (1984)  of  a  TTX-inde pendent 
potassium-evoked  release  of  [  H]-Ach,  although  TTX  completely  abo¬ 
lished  the  electrically  Induced  in  vitro  contraction  of  the  bronchial 
smooth  muscle.  We  assume  that  the  potassium  evoked  release  of  [3H]-Ach 
was  derived  from  the  pool  of  neurotransmitter  newly  synthetized  from 
[3H]-choline  taken  up  from  the  incubation  medium  (cf.  Szerb, 

1975,1976;  Kiibinger  and  Wessler,  1980).  In  spite  of  the  fact  that 
most  of  Che  released  [3H]-Ach  accumulated  in  the  superfusate  in  the 
form  of  [ 3H]-choline,  the  total  rise  in  [ 3h]  (i.e.  [3H]-Ach  and  its 
hydrolysis  products)  afflux  induced  by  depolarization  of  the  nerves 
was  taken  as  a  relative  measure  of  the  released  [  H]-Ach.  Moreover, 
our  assumption  that  [3H]-Ach  derives  from  a  functional  cholinergic 

terminal  network  in  the  rat  bronchi  was  strengthened  by  the  TTX, 

2+ 

veratridine  and  Ca  -effects. 

Hence,  our  experiments  are  consistent  with  Ach  being  released  from 
cholinergic  nerve  terminals.  The  release  of  Ach  could  also  be  quan¬ 
titated  by  the  contractile  response  in  the  postsynaptic  effector,  i.e. 
the  bronchial  smooth  muscle. 
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Presynaptic  muscarinic  receptors 


In  the  presence  of  oxotremorine  (50  pM)  there  was  a  slight  reduction 
(20%)  in  the  potassium  (51  mM)  evoked  release  of  Ach.  This  action  of 
an  exogenous  muscarinic  agonist  indicates  the  existence  of  func¬ 
tionally  presynaptic  muscarinic  receptors  on  the  cholinergic  ter¬ 
minals,  whereby  Ach  mediate  autoinhibition  of  transmitter  release. 
Apparently,  similar  results  have  also  been  obtained  in  other 
peripheral  cholinergically  innervated  smooth  muscle  tissues  as  in  the 
myenteric  plexus  in  the  guinea-pig  (Kilbinger  and  Wessler,  1980; 

Szerb,  1980;  Alberts  and  StjSrne,  1982).  The  inhibition  of  Ach  release 
is  on  the  other  hand  probably  more  pronounced  in  the  presence  of  an 
acetylcholinesterase  inhibitor.  Antimuscarinic  drugs  may,  by  blocking 
presynaptic  muscarinic  receptors,  facilitate  the  evoked  release  of 
endogenous  Ach  determined  both  in  the  presence  or  in  the  absence  of  an 
Ach  inhibitor. 

The  antimuscarinic  drug  scopolamine  (30  pM)  increased  the  potassium 
evoked  release  of  Ach  by  nearly  60%  which  further  indicate  the 
existence  of  a  muscarinic  receptor.  A  similar  enhancement  of  release 
by  a  muscarinic  antagonist,  in  the  absence  of  an  acetylcholinesterase 
inhibitor,  has  also  been  shown  by  Kilbinger  and  Wessler  (1980), 
Kilbinger  jet  a_l.(  1981)  and  Alberts  _et_  aj^.  (1982)  from  guinea-pig  myen¬ 
teric  plexus.  Therefore,  on  the  basis  of  the  present  results  there  is 
evidence  for  presynaptic  muscarinic  receptors  which  reduce  the  amount 
of  Ach  released  upon  stimulation.  These  findings  therefore  indicate  a 
muscarinic  receptor  on  the  cholinergic  terminals  also  in  the  rat 
bronchi  which  are  subject  to  a  moderate  degree  of  autoinhibition. 


Modulation  of  cholinergic  neurotransmission  by  adenosine 


The  present  results  also  provide  evidence  and  confirms  previous 
suggestions  that  adenosine  reduces  the  evoked  release  of  Ach  from  cho- 
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linergic  terminals.  The  present  findings  indicate  a  similar  mechanism 
in  the  isolated  bronchial  smooth  muscle. 

Adenosine  reduced  the  output  of  [3H]-Ach  by  28%  without  having  any 
effect  on  the  basal  release  of  [  H]-Ach.  This  reduction  of  Ach-release 
is  in  agreement  with  results  on  the  guinea-pig  ileum  presented  by  Vizi 
and  Knoll  (1976),  Gustafsson  _e£  al.  (1978)  and  Hayashi  _et_  a_l.  (1978), 
which  demonstrate  that  the  modulation  by  adenosine  may  be  a  general 
affect. 

Adenosine  is  most  likely  formed  from  ATP  (Silinsky  and  Hubbard,  1973; 
Silinsky,  1975),  but  one  cannot  ignore  the  possible  interaction  from 
purinergic  nerves  which  may  be  located  in  and  stimulate  the  bronchial 
smooth  muscle  by  the  release  of  a  purinergic  neuroeffector  (Bianchi  et 
al. ,  1963;  Coleman,  1976).  Adenosine  receptor  sites  seems  to  be 
located  predominantly  over  the  respiratory  epithelium  of  the  bronchi, 
shown  by  autoradiography  in  rabbit  lung  (Buckley  and  Burnstock,  1983). 
Although  adenosine  markedly  diminished  the  output  of  [3H]-Ach  during 
potassium  stimulation,  it  was  only  partly  antagonized  by  the  adenosine 
antagonist  theophylline.  This  antagonism  by  theophylline  has  pre¬ 
viously  been  shown  by  several  others  (Ginsborg  and  Hirst,  1972; 

Sawynok  and  Jhamandas,  1976),  although  theopylline  has  not  shown  to  be 
a  specific  adenosine  receptor  antagonist  in  all  the  tissues  so  far 
studied.  Therefore  adenosine  may  have  a  function  in  regulating  the 
release  of  Ach,  by  stimulating  specific  receptors. 

Although  adenosine  reduced  the  release  of  Ach,  adenosine  potentiated 
contractions  induced  by  electrical  stimulation,  which  stimulated 
release  of  Ach  (Aas  and  Halle,  1982).  In  addition  to  this  potentiation 
of  the  cholinergic  induced  contraction  adenosine  also  induced  contrac¬ 
tion  probably  by  stimulating  specific  postsynaptic  adenosine  receptors 
on  the  smooth  muscles.  The  postsnynaptic  effect  of  adenosine  was  in 
the  same  range  as  was  found  for  guinea-pig  trachea  (Fredholm  et  al. , 
1979),  while  Gustafsson  a_l.  (1978)  and  Hayashi  _et  al.  (1978)  found 
only  a  very  small  or  no  effect  of  adenosine  on  contractions  induced  by 
exogenously  added  Ach  in  the  guinea-pig  ileum  in  accordance  to  the 
present  results.  Gustafsson  (1981)  found  on  the  other  hand  a  poten- 
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tiation  of  Ach  Induced  contractions  by  adenosine  in  the  gastric  cir¬ 
cular  muscle  from  rabbit.  Therefore  on  the  basis  of  these  results  ade¬ 
nosine  seems  to  modulate  cholinergic  neurotransmission  in  vivo  by  a 
dual  effect,  prejunctional  inhibition  and  postjunctional  enhancement 
synergistically  to  Ach  in  the  bronchial  smooth  muscle. 

In  conclusion,  our  results  provide  further  evidence  for  a  presynaptic 
action  of  Ach  and  adenosine.  The  release  of  Ach  was  reduced  by  stimu¬ 
lation  of  spesific  presynaptic  muscarine-  and  adenosine  receptors 
respectively.  Muscarinic  drugs  will  therefore  exert  some  of  their 
effects  by  binding  to  presynaptic  muscarinic  receptors.  Adenosine, 
probably  produced  by  hydrolysis  of  ATP,  which  is  co-released  with  Ach 
or  released  from  purinergic  nerves  in  the  bronchial  smooth  muscle,  may 
therefore  also  regulate  the  release  of  Ach.  In  addition  to  the  presy¬ 
naptic  effect  of  adenosine,  adenosine  may  stimulate  postsynaptic  ade¬ 
nosine  receptors.  These  receptors  are  probably  linked  to  the 
muscarinic  receptors  or  receptor  mechanisms  and  potentiate  postsynap¬ 
tic  stimulation  by  ACh. 
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Fig.  1 
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3  3 

.  Tima  course  of  release  of  Ach  ([  H]-Ach  and  [  H]-choline) 
induced  by  sequential  stimulation  of  pieces  of  bronchial 
smooth  muscle  with  51  mM  potassium  (K+,t — h)  in  the  precence 
of  2  mM  calcium  for  a  single  experiment.  Repetitive  release 
in  per  cent  of  control  (first  stimulation,  100%). 

Below  the  figure  are  the  corresponding  results  expressed  as 
mean  iSEM  for  8  experiments. 
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A.  [  H]-Ach  induced  release  by  veratridine  (V,  75  yM)  in  per 
cent  of  a  control  stimulation  (100%)  with  potassium  (K+,  51 
and  the  response  to  tetrodotoxin  (TTX,  3  pM) . 


B.  The  effect  of  TTX  on  sequential  stimulations  with 
potassium  (K+,  51  mM). 

Below  the  figure  are  the  correponding  results  expressed  as 
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Fig.  4.  The  effect  of  oxotremorine  (ox,  50  yM)  and  scopolamine 
(sc,  30  yM)  on  potassium  (K+,  51  mM)  evoked  release  of 
[3H]-Ach.  The  response  values  at  each  stimulation  is  in  per 
cent  of  a  control  stimulation  (100%). 

Below  the  figure  are  the  corresponding  results  expressed  as 
mean  ±SEM  from  6  experiments.  **  p<0.01,  n's"  p>0.05. 


Table  1  The  effect  of  adenosine  (32  yM)  on  potassium  (51  mM)  evoked 
release  of  [3H]-Ach  from  cholinergic  nerves  in  the  bronchial 
smooth  muscle.  The  effect  of  theopylline  (1  mM)  on  the 
response  to  adenosine  is  shown  in  the  lower  part  of  the 
table.  The  response  values  at  each  stimulation  with  high 
potassium  (K+,  51  mM)  were  corrected  for  the  normal  decrease 
in  evoked  release.  Values  are  means  ±SEM  in  per  cent  of  its 
control  (1).  **p<0.01,  *p<0.05,  n,s,p>0.05. 
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71,9±5,2  n.s. 
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84 , 3±8 , 9 
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n.s. 
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** 
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** 
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Theophylline 


100 


81,8±4,9  n.s.  94,4±5,9 
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Table  2  The  effect  of  adenosine  (50  pM)  on  the  contraction  induced  in 
the  bronchial  smooth  muscle  by  Ach  (0.3  mM)  and  the  electrical 
(6  Hz,  6  ms,  supramax.  voltaga)induced  release  of  Ach  from 
cholinergic  nerves  in  the  tissue.  The  effect  of  adenosine  on 
stimulations  are  potentiatlons  in  excess  to  the  effect  of 
adenosine.  Values  are  means  ±SEM  (n«8),  **p<0.01,  n‘s"  p>0.05. 


Per  cent  of  control 

Ach  (control) 

100.0  -| 
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Electrical  stim. (control) 
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Adenosine  +  electrical  stim. 
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54.0±18.9 

165.9*9.8 
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ABSTRACT 


2  + 

Neurotensin  and  serotonin  potentiated  the  Ca  -dependent  KC1  evoked 
3  3 

release  of  [  H]-acetylcholine  ([  H]-Ach)  from  cholinergic  terminals  In 
the  bronchial  smooth  muscle  of  the  rat.  The  augmented  response  induced 
by  neurotensin  was  approximately  26 7,  and  completely  reversible.  The 
neurotensin  analogue  [ D-Trp^ 1 ] -neurotensin  did  not  inhibit  the  effect  of 
neurotensin.  The  serotonin  potentiation  was  more  pronounced,  approxi¬ 
mately  502,  and  the  induced  response  was  blocked  by  methysergide ,  a 
specific  serotonin  antagonist. 

INTRODUCTION 

Neurotensin  is  a  tridecapeptide  originally  isolated  from  the  hypotha¬ 
lamus  (Carraway  &  Leeman,  1Q73)  and  has  a  central  as  well  as 
peripheral  distribution  in  the  rat  (Carraway  &  Leeman,  1976). 

Different  viceral  smooth  muscles  are  influenced  by  the  peptide  (cf. 

Uhl  &  Snyder,  1°81).  Many  of  the  effects  of  neurotensin  seems  to  be 
mediated  directly  through  neurotensin  receptors  in  the  smooth  muscles. 
However,  blockers  of  neural  transmission  such  as  tatrodotoxin  and 
anticholinergic  drugs  have  been  shown  to  altar  the  neurotensin  effect 
on  the  guinea-pig  ileum,  suggesting  a  neuronal,  probably  a  cholinergi- 
cally  mediated  effect  (Kitahgi  &  Freychet,  1Q79  a,b).  Although  neuro¬ 
tensin  induced  contraction  in  the  bronchial  smooth  muscle  of  the  rat, 
this  response  was  only  partly  blocked  by  atropine  (Aas  &  Felle,  1982). 
The  contraction  of  rat  bronchial  smooth  muscle  by  neurotensin  appeared 
also  to  involve  a  specific  neurotensin  induced  release  of  serotonin 
from  pleural  mast  cells  (KrUger  at  a_l. ,  1Q82;  Sydbom,  1982). 
Stereospecific  neurotensin  receptors  have  previously  also  been  shown 
on  rat  mast  cells  isolated  from  the  peritoneal  cavity  (Lazarus  et  al., 
1977a, b)  and  amine  release  from  mast  cells  induced  by  neurotensin  was 
lower  after  exposure  to  compound  48/80,  a  well  known  mast  cell 
\  depletor  (Ouirion  et  al. ,  1980b). 


Therefore,  it  is  possible  that  serotonin  as  well  as  neurotensin  in 
part  mediate  some  of  their  contractile  effects  via  modulation  of  Ach 
release  from  nerve  terminals  in  addition  to  activation  of  specific 
postsynaptic  receptors  for  serotonin  and  neurotensin  (Aas,  1983). 

This  paper  presents  results  which  further  substantiate  the  hypothesis 
(Aas  &  Helle,  1982;  Kruger  _et_  a_l. ,  1982;  Aas,  1983)  that  neurotensin 
and  biogenic  amines  released  from  pleural  mast  cells  modulate  the  cho¬ 
linergic  input  to  the  bronchial  smooth  muscle  of  the  rat. 


METHODS 


Primary  bronchi  from  the  albino  rat  (Male  Wistar  rats,  200-300  g, 
Mollegaard,  Copenhagen)  ware  dissected  out  after  decapitation  of  the 
animals  (Aas  &  Fonnum,  1984).  The  bronchi  were  opened  along  the 
ventral  side  and  cut  into  pieces  of  approximately  1  mg  wet  weight. 
Prior  to  start  of  experiment  the  tissue  (4  x  1  mg  wet  weight,  pror ■ 
cone,  mg/mli  SEM;  0.60  ±  0.02,  n=34)  were  preincubatad  with 
[3H]-choline  chloride  (1,1  pM,  10  Ci/tnmol)  on  a  shaker  for  60  min, 
25°C,  and  washed  twice  before  transferring  to  superfusion  chambers 
(volume  of  100  pi).  There  bronchial  tissue  was  superfused  for  60  min 
before  start  of  sampling  (Aas  &  Fonnum,  1984).  The  perfusion  medium 
(medium  1)  had  the  following  composition  (in  mM) :  NaCl  140.0,  KC1 
5.1,  CaCl2  2.0,  MgS04  1.0,  Na2HP04  1.2,  Tris-HCl  15.0,  glucose  5.0. 
The  release  of  [3H]-Ach  was  obtained  by  depolarization  with  a  high 
potassium  medium  (medium  2)  in  5  rain.  Medium  2  had  a  similar  com¬ 
position  to  medium  1  but  the  concentration  of  KC1  was  51  mM  and  the 
concentration  of  NaCl  reduced  accordingly.  Both  media  contained 
hemicholinium-3  (10  pM)  and  were  continuously  oxygenated  with  100%  02 
(pH*7.4,  25°C).  In  experiments  with  peptides  the  media  contained  0.5% 
bovine  serum  albumine  and  a  protease  Inhibitor,  trasylol  (250  U/ml). 
Samples  were  collected  at  5  min  intervals  (i.e.  1  ml  fractions)  and 
500  pi  were  counted  in  5  ml  Instagel  scintillation  cocktail  (Packard 


Instrument  Company).  Homogenized  tissue  (1.5  ml  total)  was  counted  in 
500  ul  fractions. 

Chemicals  used  were:  Hemicholinium-3 ,  5-Hydroxytryptamine 
(Serotonin),  Bovine  serum  albumin,  [D-Trp1 1 ]-Neurotensin  (all  from 
Sigma),  Neurotensin  (Peninsula  Laboratories),  Methysergide  (Sandoz  AG), 
Trasylol  (Bayer  AG)  and  [  h] (Methyl)-choline  chloride,  80.0  Ci/mmol 
(New  England  Nuclear). 

Fractional  rate  of  release  was  calculated  on  the  Apple  II  microcom¬ 
puter.  Peak  areas  as  well  as  basal  release  during  the  depolarization 
period  and  ratios  between  peak  areas  could  be  calculated.  Mean  and 
standard  error  of  the  mean  were  calculated  for  all  data.  Significance 
for  difference  between  data  was  calculated  by  Student's  t-test  for 
dependent  groups.  Protein  was  determined  according  to  Lowry  et  al. , 
(1951)  with  bovine  serum  albumine  as  standard. 


RESULTS 


The  effect  of  neurotensin  and  serotonin  on  potassium  evoked  release  of 
[3H]-Ach  from  cholinergic  terminals  were  studied  in  the  isolated  pre¬ 
paration  of  rat  bronchial  smooth  muscle.  Neurotensin  induced  a  small 
(26%),  but  significant  potentiation  of  potassium  stimulated  release 
(Table  1).  This  potentiation  could  be  reversed  by  removing  neurotensin 
from  the  superfusion  medium.  To  avoid  the  marked  tachyphylactic 
response  to  neurotensin  in  the  tissue  (Aas  &  Helle,  1982),  each  pre¬ 
paration  was  only  exposed  once  to  each  peptide.  The  neurotensin  analo¬ 
gue  [iV-Trp1  M-neurotensin,  suggested  by  Ouirion  et  a_l.  (1980c)  to  be  a 
neurotensin  antagonist,  did  not  prevent  the  neurotensin  induced  poten- 
tation  of  potassium  induced  [3H]-Ach  release  (Table  1).  Serotonin 
increased  the  potassium  induced  release  of  [  H]-Ach  by  approximately 
50%  (Table  1).  Superfusion  for  30  minutes  in  the  absence  of  serotonin 
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Table  1  The  modulation  of  potassium  evoked  release  of  [  H]-acetyl- 

choline  from  cholinergic  nerves  in  rat  bronchi  by  neurotensin 
and  serotonin. 


Stimulation 

1 

2 

3 

4 

n 

Time  after  start 
of  superfusion 
(rain) 

20 

60 

100 

140 

A.  K+  +  NT 

100  * 

—  n.s.  - 

126.5*12.0  n.s. 

To9.7±7.3 

- 

7 

B.  K+  +  NT  + 

[D-Trp1 1 ]-NT 

100  ** 

- n.s. - 

131.3*7.5  ** 

93.0*3.9 

n 

i  n  •  s  •  -  f 

C.  K+  +  5HT  100**151.7*11.7  **  118.5*10.5  -  8 

I - *  D  •  S  •  - [ 

D.  K+  +  5HT  +  Meth.  100  **  149.8*10.2  **  95.3*10.9  n.s.  92.4*8.2  8 

l - *  - 1 


Experiment  A:  Neurotensin  (NT,  6  pM)  was  added  5  min  prior  to  stimulation 
with  51  nW  potassium  (stimulation  2).  Stimulation  1  and  3 
are  control  stimulations  with  potassium  (51  mM)  only. 

Experiment  B:  The  NT  analogue  [ H-Trp1 1 ] -NT  (6  pM)  was  added  5  min  prior  to 
NT  and  was  present  during  potassium  stimulation  (51  mM) 
(stimulation  2).  Stimulation  1  and  3  are  control  stimula¬ 
tions  with  potassium  (51  niM)  only. 


Experiment  C:  Serotonin  (5HT,  47  pM)  was  added  5  min  prior  to  stimulation 
with  51  nM  potassium  (stimulation  2).  Stimulation  1  and  3 
are  control  stimulations  with  potassium  (51  mM)  only. 


Experiment  D:  In  stimulation  3,  methysergide  (Meth., 10  pM)  was  added 
5  min  before  serotonin  and  was  present  during  stimula¬ 
tion  with  potassium  (51  mM).  In  stimulation  2  serotonin 
(47  pM)  was  added  5  min  prior  to  potassium  (51  mM). 
Stimulation  1  and  4  are  control  stimulations  with 
potassium  (51  mM)  only. 


The  responses  are  given  in  per  cent  *SEM  of  its  control  stimulation  with 
potassium  (K+,  stimulation  1),  and  corrected  for  the  unavoidable 
decline  in  [  h]  release  with  successive  stimulation. 

**p<0.01,  *p<0.05,  n.s.  p>0.05 . 
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was  necessary  to  restore  normal  responsiveness  in  the  tissue  to 
potassium  depolarization.  The  potentiation  induced  by  serotonin  was  on 
the  other  hand  completely  blocked  by  the  serotonin  antagonist  methy- 
sergide  (Table  1). 

DISCUSSION 

The  present  results  indicate  that  both  neurotensin  and  serotonin 
potentiate  the  potassium  evoked  release  of  acetylcholine  from  choli¬ 
nergic  nerve  terminals  in  the  primary  bronchi  of  the  albino  rat.  This 
is  in  agreement  with  our  previous  results  on  the  atropine  sensitive 
potentiation  by  serotonin  and  neurotensin  of  the  electrically  induced 
in  vitro  contractions  of  the  bronchial  smooth  muscle  preparation  (Aas 
&  Helle,  1982;  Aas,  1983). 

The  presence  of  cholinergic  nerves  in  the  rat  bronchi  preparation 
was  shown  by  the  fact  that  the  electrically  induced  contraction  of  the 
bronchial  smooth  muscle  was  abolished  by  atropine  and  tetrodotoxin. 

The  effect  of  electrically  induced  release  of  Ach  was  restored  by 
omitting  the  two  blockers  from  the  physiological  buffer  indicating 
release  of  Ach,  presumably  from  cholinergic  terminals  in  the  bronchial 
wall  (Aas  &  Helle,  1882;  Aas  &  Fonnum,  1984). 

In  the  present  model  (Aas  &  Fonnum,  1984)  the  release  of  [3H]-Ach  was 
2+ 

shown  to  be  Ca  -dependent  and  the  veratridine  effect  was  blocked  by 
tetrodotoxin.  The  results  show  that  the  bronchial  preparation  may  be 
used  in  studying  the  modulation  of  transmitter  release. 

A  presynaptic  site  for  the  inhibitory  effect  of  neurotensin  in  the 
cholinergic  nervous  system  has  previously  also  been  suggested  by 
Kitabgi  &  Freychet  (1978,  1979b)  observing  an  atropine  sensitive  inhi¬ 
bitory  effect  of  neurotensin  in  guinea-pig  ileal  longitudinal  smooth 
muscle.  A  modulatory  role  for  neurotensin  in  cholinergic  neuro- 
transmission  has  further  been  proposed  by  Regoli  (1982)  reporting 
that  neurotensin  potentiated  the  electrically  induced  contraction  of 
guinea-pig  ileum  in  addition  to  stimulating  the  ileal  muscle  to 
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contract.  This  is  analogous  to  the  situation  presently  observed  for 
the  rat  bronchi.  On  the  other  hand  a  neurotensin  inhibition  of  the 
release  of  the  symphathetic  neurotransmitter  noradrenaline  was 
observed  in  the  rat  vas  deferens  (Magnan,  1979).  Therefore  the  respon¬ 
ses  in  the  rat  bronchi  are  in  accordance  to  some  viceral  smooth 
muscles  in  having  cholinergic  nerves  which  are  presynaptically  modu¬ 
lated  by  neurotensin. 

Moreover,  the  neurotensin  analogue  [D-Trp1 *] -neurotensin  had  no  anta¬ 
gonizing  effect  on  the  Ach  release  response  to  neurotensin  in  the 
bronchial  preparation.  This  is  in  agreement  to  results  on  strips  of 
smooth  muscle  from  rat  stomach  (Quirlon  et  al. ,  1980a),  were  the 
neurotensin  analogue  did  not  inhibit  the  postsynaptic  effect  of  neuro¬ 
tensin.  On  the  contrary  this  neurotensin  analogue  inhibited  the  effect 
of  neurotensin  postsynaptically  in  rat  portal  vein  and  heart  (Quirion 
et  al. ,  1980c;  Rioux  et  al. ,  1980.  Therefore  these  receptors  are  pro¬ 
bably  pharmacologically  different  from  the  receptors  in  rat  bronchi 
and  stomach  smooth  muscle. 

Previously,  a  modulatory  role  for  serotonin  in  the  cholinergic 
neurotransraission  in  the  guinea-pig  ileum  has  been  suggested  by 
Brownlee  &  Johnson  (1965)  and  by  Adam-Vizi  and  Vizi  (1978).  It  was 
shown  that  the  response  to  serotonin  was  partly  atropine  sensitive  and 
potentiated  by  acetylcholinesterase  inhibitors,  which  indicate  that 
the  effect  of  serotonin  was  at  least  partly  mediated  by  Ach. 

This  is  similar  to  what  is  found  for  the  rat  bronchi.  The  presence  of 
presynaptic  serotonin  receptors  on  the  cholinergic  nerves  rests  on  the 
results  demonstrating  an  increase  in  the  _in  vitro  contraction  of  the 
circular  bronchial  smooth  muscle  on  electrical  stimulation  (Aas,  1983). 
Therefore  these  results  showing  a  potentiation  of  the  potassium  stimu¬ 
lated  release  of  [3H]-Ach  by  serotonin  increase  the  evidence  for  the 
existence  of  a  presynaptic  modulation.  The  presynaptically  serotonin 
effect  was  blocked  by  the  serotonin  receptor  antagonist,  methysergide, 
which  further  confirms  these  results. 
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In  conclusion,  the  present  findings  strengthen  our  hypothesis  (Aas  & 
Helie,  1982;  Aas,  1983)  that  neurotensin  and  serotonin  modulate  the 
cholinergic  nervous  system  in  the  rat  bronchi. 
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ABSTRACT 


A  METHOD  FOR  GENERATING  TOXIC  VAPOURS  OF  SOMAN;  TOXICITY  OF  SOMAN 
BY  INHALATION  IN  RAT.  P  Aas,  S  H  Sterri,  H  P  Hjermstad  and  F 
Fonnum,  Toxicology  and  Applied  Pharmacology  1983, 

A  method  for  administration  of  highly  toxic  chemicals  by  inhalation 
has  been  developed.  The  model  has  three  features  of  special  interest, 
1)  A  diffusion  cell  for  producing  a  constant  gas-concentration  for 
several  hours  or  days,  2)  A  small  rapidly  equilibrated  inhalation 
chamber  (1100  ml),  3)  The  toxic  chemicals  are  isolated  completely  from 
the  atmosphere.  The  LC^q  of  the  anticholinesterase  soman 
[o-(l,2,2  trimethylpropyl)-methyl-phosphonof luoridate]  was  400 

3 

mg  min/ra  (117  pg/kg)  with  a  24  hour  observation  period  after  the  end 

3 

of  exposure.  The  lethal  dose  of  soman  was  520  mg  min/ra  (142  pg/kg) 
when  exposing  the  animals  until  death  in  the  inhalation  chamber  (less 
than  30  min).  The  inhibition  of  acetylcholinesterase,  cholinesterase 
and  carboxylesterase  activities  in  different  tissues  were  analyzed  to 
study  possible  barrier  mechanisms  that  might  exist  in  the  body  to 
soman.  There  was  a  large  inhibition  of  the  carboxylesterase  and  choli¬ 
nesterase  activities  in  bronchi  and  lung  as  well  as  in  blood. 
Carboxylesterase  was  important  as  a  detoxifying  mechanism,  which  was 
shown  by  the  70%  decrease  in  the  lethal  dose  of  soman  following  s.c. 
pretreatment  with  TOCP  (tri-ortho-cresyl-phosphate),  a  carboxyl¬ 
esterase  inhibitor. 


Index  terras: 


Inhalation,  soman,  bronchi,  acetylcholinesterase, 
carboxylesterase,  TOCP. 
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|  INTRODUCTION 

! 

i  Intoxications  with  organophosphorus  cholinesterase  inhibitors  used  as 

|  insecticides  constitute  an  increasing  problem  in  industrial  and  agri- 

‘  cultural  toxicology.  Similar  compounds,  e.g.  soman,  are  considered 

as  potential  warfare  agents  due  to  their  high  toxicity  and  their 
suitable  physio-chemical  properties.  A  large  number  of  animal  experi¬ 
ments  have  accumulated  in  the  past  years  concerning  the  phar- 
[  macological  effects  of  such  compounds  following  various  routes  of 

injection.  However,  very  few  experiments  have  been  published  in  the 
open  literature  on  inhalation  of  organophosphorus  agents.  The  main 
route  of  entry  to  the  body  of  toxic  vapours  are  through  the  respira¬ 
tory  tract  and  through  the  skin.  The  skin  offers  some  protection 
by  stratum  corneum,  the  respiratory  tree  is  freely  permeable  to  most 
toxic  vapours. 

Inhalation  systems  can  be  characterized  as  static,  when  the  agent  is 
introduced  into  a  chamber  as  a  batch  and  then  mixed,  or  dynamic,  when 
airflow  and  introduction  (and  removal)  of  agent  are  continuous.  The 
duration  of  static  exposure  is  limited  by  the  accumulation  of  carbon 
dioxide,  the  accumulation  of  water  vapour,  the  gradual  increase  in 
temperature  and  the  gradual  depletion  of  oxygen  inside  the  chamber. 

In  a  dynamic  system,  as  the  one  presented  here,  these  problems  are 
avoided.  There  are  further  less  difficulties  with  adsorption  of  the 
agent  to  the  walls  in  the  inhalation  chamber  or  to  the  skin  and  fur  of 
the  animals. 

Vapours  can  be  generated  by  using  one  of  several  flow-dilution  devices 
(Cotabish  _at  £l. ,  1961;  Drew  &  Lippraan,  1971;  Nelson  1971;  Saltzmann 
1971;  Salzmann  &  Warburg  1965).  If  the  gas  to  be  studied  is  a  liquid 
at  room  temperature,  a  vapourization  step  must  be  included.  One  pro¬ 
cedure  is  to  use  a  motor-driven  syringe  and  to  apply  the  liquid  to  a 
wick  or  heated  plate  in  a  calibrated  stream  of  air  (Nelson  &  Griggs, 
1968).  Another  method  is  to  saturate  the  airstream  with  vapour  and 


AD- A  145 


106  MODULATION  OF  THE  CHOLINERGIC  MECHANISMS  IN  THE  %!% 

BRONCHIAL  SMOOTH  MUSCLE(U)  NORWEGIAN  DEFENCE  RESEARCH 
ESTABLISHMENT  KJELLER  P  AAS  JUN  84  NDRE /PUBL -84/ 1 00 1 

F/G  6/16 


UNCI ASSIF IED 


NL 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  ftUW  All  Of  S’  AN['A*D*  '.Of  A 


100 


then  dilute  it  with  air  to  the  desired  concentration  (Cotabish  et  al., 
1961). 

Most  of  the  commercially  available  instruments  for  inhalation  studies 
were  developed  for  occupational  hygiene,  where  the  main  problem  is 
long  exposure  (days,  weeks  or  months)  of  several  animals  in  large 
cages  to  not  very  toxic  chemicals.  Our  aim  was  to  study  the  inhalation 
toxicity  of  the  highly  toxic  compound  soman  in  a  system  which  made  it 
possible  to  handle  only  small  amounts  of  agent  in  a  dynamic  flow 
system.  In  addition  the  system  had  to  be  rapidly  equilibrated  and 
safe  in  operation.  We  have  therefore  developed  an  inhalation  instru¬ 
ment  which  satisfies  these  criteria. 

We  have  previously  investigated  the  toxicity  of  soman  after  cutaneous, 
subcutaneous  and  intraperltoneal  administrations  and  studied  its 
inactivation  by  enzymes  (Fonnum  &  Sterri,  1981;  Sterri  et  al. ,  1980, 
1981,1983).  In  the  present  paper  we  have  studied  the  inhibition  of 
acetylcholinesterase,  cholinesterase  and  carboxylesterase  activities 
of  serveral  organs  after  inhalation  of  soman.  The  role  of  car- 
boxylesterases  in  detoxification  of  soman  are  elaborated. 
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METHODS 


Inhalation  apparatus 

The  aim  of  the  present  paper  is  to  present  a  recently  developed  system 
for  performing  inhalation  experiments  with  highly  toxic  vapours,  such 
as  organophosphorus  agents,  in  a  closed  test  system.  The  inhalation 
system  is  a  dynamic  system  with  a  continuous  introduction  of  the  toxic 
vapour.  The  system  consists  of  a  diffusion  cell  for  generation  of  the 
toxic  vapour,  the  inhalation  chamber  and  a  carbon  filter  (Figure  1). 
The  constant  airflow  through  the  system  (3000  ml/min,  prewarmed  to 
22°C)  could  be  adjusted  by  needle-valves  and  flowmeters.  One  part  of 
the  airflow  is  passed  through  the  diffusion  cell  and  one  part  through 
a  bypass. 

Traces  of  oil  residues  and  water  vapour  were  removed  from  the  air  (100 
ml/min)  before  entering  the  diffusion  cell  through  a  gas  purifier 
packed  with  molecular  sieve.  The  toxic  vapour  is  generated  by  a  dif¬ 
fusion  cell.  The  cell  is  made  of  stainless  steel  and  is  divided  by  a 
polymer  membrane,  through  which  the  toxic  liquid  from  the  vapour  phase 
will  diffuse  at  a  constant  rate.  In  the  present  experiments  a  high 
density  polyethylene  membrane  with  a  thickness  of  70  pm  was  fitted 
in  the  diffusion  ;ell.  The  toxic  liquid  soman  (100-200  pi)  was 
applied  through  an  orifice  to  a  filterpaper  in  the  upper  part  of  the 
diffusion  cell  by  using  a  disposable  syringe.  The  penetration  of  the 
toxic  vapour  is  dependent  on  the  vapour  pressure  of  the  agent  and  the 

properties  of  the  membrane,  with  lower  diffusion  through  high  density 

membranes.  The  gas  concentration  can  therefore  be  varied  by  a  factor 

of  several  thousand  depending  on  the  temperature  and  the  material  and 

the  thickness  of  the  membrane  (Figure  2). 

The  toxic  vapour  are  diluted  and  mixed  with  air  from  the  airflow 
bypassing  the  diffusion  cell  before  entering  the  inhalation  chamber. 

In  the  inlet  to  the  inhalation  chamber  the  air  and  toxic  vapour  pass 
through  a  diffuser.  The  main  function  of  the  diffuser  is  to  establish 
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a  homogenous  gas-concentration  In  the  1100  ml  inhalation  chamber.  The 
toxic  vapour  from  the  outlet  of  the  chamber  passes  through  an  acti¬ 
vated  charcoal  bed.  The  instrument  is  kept  in  a  fume  hood  to  elimi¬ 
nate  any  risk  of  toxification  of  the  personnel  operating  the 
instrument.  To  reduce  the  risk  of  wall  loss,  the  diffusion  cell  and 
pipes  were  constructed  of  stainless  steel  and  the  sylindrical  inhala¬ 
tion  chamber  of  glass.  To  assure  accurate  measurements  of  the  total 
inhaled  dose,  gas  samples  (100  ml/min,  30  min)  were  collected  in 
isopropanol  (Uvasol,10  ml,  0°C)  before  and  after  completion  of  the 
inhalation  experiment,  and  analyzed  on  a  gas  chromatograph.  Changes  in 
pC02  were  measured  continuously  in  a  capnometer  by  infrared 
spectroscopy  (Hewlett  Packard,  47210A). 

Diffusion  membrane 


Diffusion  velocity  measurements  with  several  different  polymeric 

2 

membranes  (area;  12.56  cm  )  (Figure  2)  were  examined.  The  experiments 
were  performed  by  connecting  the  thermostatically  controlled  diffusion 
cell,  with  membranes  fitted,  directly  to  a  flame  ionization  detector 
(Carlo-Erba) .  The  carrier-gas  was  N2  (100  ml/min).  The  membrane  tem¬ 
perature  was  controlled  by  a  Cu-constantan  thermocouple  and  the  tem¬ 
perature  variation  was  less  than  ±0.5°C.  The  diffusion  barriers  were 
prior  to  the  experiments  equilibrated  at  +20°C  and  40%  relative  humi¬ 
dity.  By  selecting  various  membranes  a  large  range  of  toxic  vapour 
concentrations  may  be  produced. 

Animals 


Male  Wistar  rats  (200-300  g)  (Mtfllegaard,  Copenhagen)  were  kept  in 
standard  laboratory  cages,  5  in  each,  for  1-2  weeks  before  start  of 
experiment  with  free  access  to  a  standard  laboratory  diet  and  water. 
There  was  a  light/dark  cycle  of  12  hours.  They  were  kept  on  sawdust 
which  was  renewed  every  day  to  assure  that  the  concentration  of  ammo¬ 
nia  was  low.  The  rats  were  without  symptoms  of  diseases  or  infections 
in  the  lungs  or  in  the  respiratory  tract. 
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Soman 


Soman  [o-(l,2,2  triraethylpropyl)-methyl-phosphonofluoridate] ,  assessed 
to  be  more  than  95%  pure  by  Nuclear  Magnetic  Resonnance  spectroscopy, 
was  synthesized  In  this  laboratory. 

Trl-ortho-cresyl-phosphate 

Trl-ortho-cresyl-phosphate  (TOCP)  90-95%  pure  (K  &  K  Laboratories)  was 
dissolved  In  1. 2-propandlol  (Fluka  AC?)  and  administered  subcutaneously 
(100  mg/kg)  24  hours  before  the  inhalation  experiment.  Injected  volume 
was  0. 1  ml/200  g. 

Determination  of 
cholinesterase  activity 

Following  decapitation,  heparinized  whole  blood  was  centrifuged  (1100 
g,  10  min)  and  the  supernatant  (plasma)  diluted  10-20  times  in  20  mM 
sodium  phosphate  buffer  pH  7.4  before  assay.  The  erythrocyte  pellet 
from  100  pi  whole  blood  was  washed  twice,  dissolved  in  0.5  ml  of  2.0% 
Triton  X-100,  and  adjusted  to  1.0  ml  with  20  nM  sodium  phosphate  buffer, 
pH  7.4  before  assay.  Homogenates  of  several  organs  were  prepared  with 
a  Potter-Elvehjem  or  an  Ultra  Turrax  horaogenizer;  bronchi  (2%)(wt/vol) , 
lung  (10%),  diaphragm  (5%),  liver  (10%),  duodenum  (10%)  and  cerebrum 
(10%)  in  20  mM  sodium  phosphate  buffer  pH  7.4.  The  homogenates  were 
diluted  with  the  sodium  phosphate  buffer  containing  0.5-2%  Triton 
X-100  before  assay. 

The  cholinesterase  activities  were  measured  by  the  radiochemical 
method  of  Sterri  &  Fonnura  (1978). 

Determination  of 
carboxylesterase  activity 

Carboxylesterase  activities  were  determined  by  a  radiochemical  method  of 
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Sterri  et  al.(ln  preparation)  measuring  the  hydrolysis  of 
methylf l-1 4c]butyrat.  50  yl  of  1%  (wt/vol)  bronchi,  0.25%  lung,  2% 
diaphragm,  0.1%  liver,  1%  duodenum,  10%  cerebrum  or  undiluted  plasma 
were  Incubated  with  500  yl  of  0.1  M  sodium  phosphate  buffer  pH  7.8 
containing  1.9  mM  methyl  [ l-1 ^Cj-butyrat  at  30°C  for  30  min.  Then  0.5 
ml  of  0.1  M  sodium  phosphate  buffer  and  1  ml  of  chloroform  were  added 
before  shaking  and  centrifugation  (1000  g,  5  min).  0.5  ml  of  the 
aqueous  phase  was  counted  in  10  ml  of  Instagel  scintillation  cocktail 
(Packard  Instrument  Company). 

Statistics 


Means  and  standard  error  of  the  mean  (SEM)  or  standard  deviation  (SD) 
were  calculated  for  all  data.  Significance  for  differences  between  the 
mean  values  were  calculated  by  the  Student's  t-test  for  independent 
and  dependent  groups. 

RESULTS 


Characteristics  of  the  inhalation  instrument 


The  range  of  the  toxic  vapour  concentration  for  several  membranes  of 
different  materials  fitted  in  the  diffusion  cell  for  broard  tem¬ 
perature  ranges  is  shown  in  Figure  2.  It  is  important  to  note  that 
different  membrane  materials  may  establish  gas  concentrations  within 
wide  concentration  ranges  and  the  concentration  increase  propor¬ 
tionally  with  the  increase  in  diffusion-cell  temperature.  In  this 
dynamic  inhalation  system  the  airflow  was  constant  during  the  exposure 
(3000  ml/min).  The  concentration  of  agent  in  the  inhalation  atmosphere 
was  measured  prior  to  start  of  inhalation  and  at  the  end  of  the  inha¬ 
lation  experiment.  Gaschromatographic  analysis  showed  that  a  stable 
air  concentration  of  the  toxic  vapour  was  obtained  after  30  minutes 
and  could  be  maintained  for  several  hours  after  a  stable  diffusion 
cell  temperature  was  attained.  In  independent  tests  there  were  no 
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significant  variation  in  the  atmospheric  concentration  of  soman,  as 
shown  in  Table  1.  Test  samples  were  also  drawn  from  the  pipeline 
before  the  air-gas  mixture  inlet  (A,  Figure  1)  and  at  the  outlet  (B, 
Figure  1)  and  there  were  no  significant  differences  in  the  soman  con¬ 
centration.  Performing  experiments  at  a  diffusion  cell  temperature  of 
40°C,  the  soman  concentration  in  the  air  inlet  to  the  inhalation 
chamber  was  0.73*0.03  ng/1  (SEM,  n“6)  and  0.68*0.03  ng/1  (SEM,  n=6)  in 
the  air  passing  through  the  charcoal  bed.  This  confirms  no  loss  of 
soman  in  the  inhalation  chamber  with  no  significant  (p>0.30)  dif¬ 
ference  in  soman  concentration.  Several  independent  applications  of 
soman  to  the  diffusion  cell  did  not  increase  the  air  concentration  of 
soman  above  what  was  measured  before  the  previous  application,  but  the 
concentration  of  the  toxic  vapour  was  limited  by  the  fitted  membrane 
only  (the  material  in  the  membrane  and  membrane  temperature).  It  was, 
therefore,  no  structural  changes  in  the  polymeric  membranes.  Leaving 
the  diffusion  cell  at  room-temperature  without  new  applications  of 
soman  for  2,  4  or  8  days  gave  only  minor  variations  (*5%)  in  the 
atmospheric  concentration  of  soman  when  a  new  experiment  was  started. 

Due  to  the  high  flow  of  air  through  the  inhalation  chamber  there  were 
no  C02_accumulation,  no  change  in  temperature,  no  water-vapour  accu¬ 
mulation  or  (^-depletion,  although  total  animal  volume  was  approxima¬ 
tely  20%  of  the  total  chamber  volume.  The  changes  in  p(X>2  were 
measured  continuously  with  a  capnoraeter,  and  there  were  no  significant 
variations  in  the  (^-concentration. 

Experiments  with  rats 

The  sequence  in  which  the  gross  symptoms  of  toxification  by  soman 
occurred,  was  the  same  as  if  soman  was  administered  by  injection. 
Salivation  was  regularly  an  early  symptom.  The  generalized  fibrilla¬ 
tions  were  rapidly  followed  by  convulsions.  The  LC^q  curve  was  steep 
and  the  LC50  value  was  400  mg  min/m3  with  a  24  hour  observation  period 
after  completion  of  the  experiment  (Figure  3).  The  lethal  dose  of 
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soman  by  Inhalation  was  520±60  mg  min/m  by  continuous  exposure  until 
death  (Table  3).  The  Inhaled  LCjq  dose  was  117  yg/kg  when  assuming  a 
respiratory  minute-volume  for  the  rat  to  be  approximately  73  ml 
(Sanockij,  1970)  and  the  animal  weight  was  on  average  250  g.  Isolating 
the  rat  except  nose  and  mouth  in  a  small  plexlglas  tube  inside  the 
inhalation  chamber,  in  exposures  of  less  than  30  min,  had  only  minor 
or  no  effects  on  the  lethal  dose.  Pretreatment  of  the  rats  with  the 
carboxylesterase  inhibitor  tri-ortho-cresyl-phosphate  (TOCP)  24  hours 
before  exposure  to  soman,  reduced  the  lethal  dose  by  approximately  70% 
to  172  mg  min/m3  when  animals  were  observed  until  death  (Table  3).  In 
contrast,  pretreatment  with  phenobarhital  (100  mg/kg,  i.p.)  which 
increases  the  carboxylesterase  activities  in  liver  and  serum  but  not 
in  lung  by  70%  relative  to  control  (not  shown),  increased  the  lethal 
dose  by  approximately  30%.  This  effect  of  phenobarhital  was  reduced 
by  TOCP. 

The  activities  of  carboxylesterases,  acetylcholinesterase  and  choli¬ 
nesterases  in  different  tissues  showed  a  concentration  dependent  inhi¬ 
bition  by  soman  (Table  2).  In  the  bronchi  and  lung,  the  organs  first 
exposed  to  the  toxic  vapour,  there  was  a  marked  decrease  in  all  enzyme 
activities.  It  was  a  larger  inhibition  of  the  carboxylesterase  activi¬ 
ties  in  the  bronchi  than  in  lung  tissue.  The  liver  carboxylesterase 
and  cholinesterase  activities  were  not  inhibited.  The  brain,  diaphragm 
and  duodenum  cholinesterase  activities  were  on  the  other  hand 
strongly  inhibited  by  inhalation  of  soman,  but  the  carboxylesterase 
activities  in  the  diaphragm  and  duodenum  were  not  significantly 
reduced. 

DISCUSSION 


Inhalation  instrument 


The  results  show  that  the  inhalation  instrument  is  suitable  for 
experiments  with  highly  toxic  gases,  such  as  organophosphorus  com¬ 
pounds.  The  advantages  of  the  system  developed  are  mainly  that  experi- 
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ments  can  ba  run  for  savaral  hours  and  days  at  constant  homogenous 
concentrations  of  toxic  vapour  with  only  a  small  amount  of  toxic 
liquid.  The  highly  toxic  gases  are  completely  isolated  from  the 
atmosphere  in  a  closed  dynamic  inhalation  system.  Since  there  was  no 
variation  in  the  concentration  of  soman  at  inlet  and  outlet  of  the 
chamber  one  can  conclude  that  there  was  no  wall  loss  in  this  inhala¬ 
tion  system. 

In  addition  to  the  complete  mixing  that  occured  before  the  two 
alrstreams  entered  the  inhalation-chamber,  there  was  also  a  mixing 
effect  both  by  the  diffuser  and  by  the  constant  animal  movement. 
Therefore,  there  is  strong  reason  to  believe  that  a  homongenous  gas 
concentration  was  established  in  the  inhalation  chamber. 

There  was  only  a  minor  decrease  in  gas  concentration  from  respiration 
or  from  absorption,  although  the  animal  to  chamber  volume  is  rather 
high  (20%).  This  is  due  to  the  relatively  high  flow  of  gas-air  mixture 
(3000  ml/min)  through  the  inhalation  chamber  of  1100  ml.  Licking  of 
the  fur  and  extremities  could  interfere  and  increase  the  total 
absorbed  dose  when  performing  experiments  of  long  duration  (weeks), 
and  nose  exposure  systems  would  therefore  in  some  instances  be  more 
suitable.  The  gas  concentration  in  the  inhalation  chamber  was  kept  at 
a  constant  level,  and  could  be  varied  within  wide  concentration  limits 
depending  only  on  the  membrane,  membrane  material  and  the  diffusion 
cell  temperature.  Therefore  it  is  possible  to  perform  both  acute  and 
chronic  exposure  studies.  When  performing  chronic  studies,  the  advan¬ 
tage  with  the  present  system  is  the  simple  method  for  production  of  a 
constant  concentration  of  a  toxic  vapour.  A  disadvantage  when  doing 
chronic  experiments  is  the  low  number  of  animals  exposed.  On  the 
other  hand  with  some  reconstructions  more  animals  than  one  might  be 
exposed  in  the  system. 

The  CO2  produced  by  the  rats  was  continuously  flushed  out  of  the 
chamber  as  measured  with  the  capnometer.  There  was  no  increase  in  CO2 
concentration  and  therefore  no  stimulation  of  the  respiration  and 
Increase  in  the  respiratory  minute-volume.  Consequently  there  were  not 
any  increase  in  the  absorbed  dose  of  soman  due  to  a  stimulation  of  the 
respiration. 
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Experiments  with  rats 


Since  only  very  few  experiments  on  inhalation  of  the  organophosphorus 
agents  have  been  published  there  are  very  few  comparable  data  in  the 
literature.  Crook  _et  £1.(1969)  and  Oberst  (1961)  have  compared  the 
toxicity  of  methylphosphonic  difiuoride  vapour  with  vapour  of  sarin  (a 
closely  related  organophosphorus  compound  to  soman)  and  the  results 
indicate  a  large  variation  in  the  mortality  data.  The  LC^q  of  sarin 

3 

vapour  from  24  hr  mortality  data  in  rat  was  320  mg  min/m  .  This  was 

lower  than  for  mouse  (515  mg  min/m3)  but  somewhat  higher  than  for  dog 
3  3 

(135  mg  mln/ra  )  and  monkey  (83  mg  min/m  ).  Fredrlkson  et  al.(1960) 
studied  the  effects  of  sarin  in  anaesthetized  and  unanaesthetized  dogs 
following  inhalation  and  determined  a  mean  lethal  dose  of  300 
mg  min/nr  in  unanaesthetized  dogs  and  400  mg  min/nr  in  anaesthetized 
animals.  Although  there  are  considerably  variations  in  the  toxicity 
data  on  inhalation  exposure  to  sarin,  the  data  for  sarin  are  in  the 
same  range  as  we  have  found. 

Thera  was  a  steep  LC50  curve  (Figure  3),  which  indicate  that  the  rats 
received  only  a  small  dose  of  soman  in  excess  when  kept  until  death  in 
the  inhalation  chamber,  compared  to  animals  taken  out  of  the  chamber 
prior  to  death.  The  acute  LD^q  of  soman  determined  by  subcutaneous 
injection  in  rat  was  80  pg/kg  (Sterri  j£ t  al. ,  1980),  by  intramuscular 
injection  96  pg/kg  (Elsmore,  1981)  and  110  pg/kg  (Petras,  1981)  or  by 
lntraperltoneal  injection  200  pg/kg  (Sterri  ^t  al. ,  1980).  This  is  in 
the  same  range  as  what  was  estimated  in  rat  by  inhalation  (117  pg/kg) 
by  using  73  ml  as  the  respiratory  minute  volume  in  rat  (Sanockij, 
1970). 

Since  the  respiratory  tree  is  the  primary  route  of  entry  for  nerve 
agents  or  organophosphorus  insectisldes,  this  is  also  the  organ  first 
exposed  to  these  toxic  chemicals.  The  bronchial  smooth  muscle 
contracts  on  application  of  soman  (Fonnum  et  al.,  1984)  in  addition  to 
the  large  secretion  of  mucus  which  is  induced  in  the  airways  during 
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inhalation  of  soman.  Soman  penetrates  rapidly  from  the  respiratory 
tree  to  the  bloodstream,  indicated  by  the  low  activities  of  the  plasma 
cholinesterases  and  erythrocyte  acetylcholinesterease.  The  enzymes 
were  inhibited  to  the  same  degree  as  the  cholinesterases  in  lung  and 
bronchi  (Table  2).  On  the  other  hand  the  carboxylesterase  activities 
in  the  respiratory  tissues  were  higher  than  in  plasma.  The  enzyme 
activities  in  the  accessory  muscles  of  respiration  such  as  the 
diaphragm  are  also  strongly  inhibited  as  shown  by  the  low  levels  of 
cholinesterase  and  acetylcholinesterase  activities  in  this  tissue.  But 
Che  carboxylesterase  activities  were  only  marginally  inhibited  in  this 
muscle,  as  was  also  shown  in  the  liver  and  in  the  duodenum.  In  liver 
this  is  probably  due  to  the  presence  of  a  high  phosphorylphosphatase 
activity  (Sterri  _et_  al. ,  1983). 

Injection  of  TOCP,  a  treatment  which  inhibits  the  carboxylesterase 
activities  (Myers,  1959;  Sterri  et  al. ,  1981),  reduced  the  lethal 
dose  inhaled  by  the  rats  by  approximately  70%.  This  illustrates  the 
important  function  of  these  enzymes  in  binding  soman  as  a  part  of  the 
detoxifying  mechanism.  The  importance  of  the  carboxylesterases  was 
also  shown  by  the  relatively  high  activities  these  enzymes  exhibited 
in  both  lung  and  bronchi,  which  indicate  that  the  lung  is  a  primary 
tissue  in  the  detoxification  of  vapours,  such  as  vapours  of  soman.  The 
carboxylesterases  and  cholinesterases  were  inhibited  to  nearly  100%  i.n 
the  bronchi,  which  show  that  the  bronchial  smooth  muscle  is  strongly 
affected  by  soman  and  therefore  contracts  during  a  soman  intoxication 
(Fonnum  et  al. ,  1984).  This  is  due  to  the  excess  of  acetylcholine  in 
the  synaptic  cleft  and  stimulation  of  postsynaptic  muscarinic  recep¬ 
tors  in  the  smooth  muscle.  This  may  be  one  of  the  primary  causes  of 
death  in  addition  to  weakness  of  the  accessory  muscles  of  respiration. 

In  conclusion,  the  inhalation  instrument  has  proved  to  be  a  relevant 
instrument  in  the  study  of  toxicity  by  inhalation  of  highly  toxic 
liquids  such  as  soman  and  several  advantages  of  the  instrument  has 
been  pointed  out.  In  our  opinion  knowledge  of  the  influence  of  orga- 
nophosphorus  agents  on  the  respiratory  system  and  the  cholinergic  part 
of  its  nervous  system  may  be  of  great  value  in  the  prophylactic  treat¬ 
ment  of  organophosphorus  intoxication. 
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SAMPLE 


Schematic  diagram  of  the  inhalation  instrument 
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Figure  2.  The  diffusion  velocity  (mg/dm  x  min)  of  soman  through  dif¬ 
ferent  diffusion  barriers  (membranes)  as  a  function  of  tem¬ 
perature  (°C). 
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PVC  -  Polyvinylchloride  (50  pm) 

PE  -  Polythylene  (15  pm) 

PEHD  ■  Polyethylene-high  density 
(70  um) 

PP  *  Polypropylene  (23  pm) 

PA  ■  Polyamide  (20  pm) 

PETP  *  Polyethyleneterepthalat 
(12  pm) 


Employing  the  equation: 


Logio(D)“  +  B  x  T 


the  diffusion  velocity  (D)  may  be 
calculated  by  inserting 
values  for  temperature  (°C)  and  the 
respective  constants 
(Aj  and  B)  from  the  table  below. 
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0  ■  Diffusion  velocity  (mg/dm  x  min) 

Aj  »  Intercept  y-axis 
T  -  Temperature  (°C) 

B  ■  Slope 


Membrane 

material 

Ai  * 

SD 

B  ±  SD 

n 

PVC 

-0.219  ± 

0.045 

0.0176  *  0.0011 

6 

PE 

-2.348  ± 

0.087 

0.0484  ±  0.0019 

6 

PEHD 

-4.326  * 

0.106 

0.0570  ±  0.0018 

7 

PP 

-4.568  ± 

0.164 

0.0570  ±  0.0025 

8 

PA 

-11.228  * 

0.805 

0.0935  *  0.0083 

7 

PETP 

-12.272  ± 

0.212 

0.0914  ±  0.0020 
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TABLE  1  Concentrations  of  soman  la  the  Inhalation  atmosphere 


Diffusion-cell 

Concentrations  of 

soman  (pg/l) 

temperature 

(°C) 

co 

C1 

70 

21.1*1.2 

21.4*1.2 

The  concentrations 

(ug/l)  of  soman  *SEM  (n»10) 

before  start  of  experl- 

ment  (tQ)  and  after  completion  of  Inhalation  experiment,  approximately 
8  hours  later  (t^). 
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TABLE  3  Lethal  dose  of  soman  in  rat  by  Inhalation 


Treatment  of  rats  Lethal  dose  In  rat 


Untreated  520*60  142*16 

TOCP-t rested  172*  7  57*  4 

The  lethal  dose  *SEM(n»6)  of  soman  In  rat  by  inhalation  in 
untreated  rats  and  rats  pretreated  with  TOCP  (tri-ortho-cresyl- 
phosphate)  (100  mg/kg,  S.C.)  1x24  hrs  before  inhalation  experiment. 
The  lethal  dose  (ug/kg)  was  estimated  on  the  basis  of  a  respiratory 
minute  volume  of  73  ml.  The  air  concentration  of  soman  was  21  ug/1. 


